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FOREWOIW TO THE ENGLISH EDITION 


Mnlrrular spnlmropy holds n uniqar plarr in the hitrarehy of the stienee. 
Though busicailif a hranth of physics it is a handmaiden of chemistry. Our 
elassifiralion of Science inio a sttJaei of sciences may be an aid and comfort to 
unioersity administrators, hit if creates artificial barriers to the inlerpretaiion 
of the physical world. Those of us who are concerned with the practice and leachr 
iny of vibrational spectroscopy in the chemical field are aware of the wide dis- 
parity between the approach of the chemist and the physicist to this subject. This 
is not the place lo analyse these differences in depth, but it is appropriate to 
point oiil that the physical is free to select from the whole field of chemistry (host 
muirriiles that most effeeimly demonstrate his theoretical concepb whereas the 
chemist must develop inlrrprelative procedures ^hat art applicable to all molecules 
irrespective of structure, ^irp, or symmetry, 

.t terlbook of infrared sperlrnscopy /or chemists must, in the first place, 
cjuip the student with the means to analyse and evaluate the spectra of all 
binds of molecules he may mroimifr in the course of his professional work. 

Hawfver there is a danger that it may degenerate into a mere compendium 
of facts if it rlors nut at ihe same lime lead the sliidrnl through the more rigid 
disciplinr.i ofspcrlioscopir theory. Dr. Aoram and Dr. Mateeseu have demon'ilra^ 
trd singular .skill in thcii ability to tread this double path. 

To lliine who ate already familiar ivUh ihe textbook literature of this .sub- 
jerl, U is refreshing to disrovei the wealth of neia illustralive material which the 
authors include in this text. .Much of this is cleiuly rerognizablr as originating 
in the Laboratories of the Komaninn National Academy of Hrienres at Bucharest. 
The llomnnian edition rinried a Foicivord by the late Professor C. D. Nenibestu, 
and his pride and enthusiasm for Ihe work in rhrmiral sperlrosropy canird out 
by the authors in his laboralory is evident there. It is deeply to he regretted that 
Professor Nenibesni did not live to ser the appearance of this English language 
version of the book, I’ndcr these sad lircimsianres this rnonogrnph also serves as a 
testimony of the oiiMiinding work in ehemiral speelrosropy carried out under hts 
guidance. 


i)U.i\s.i. \u)'nsl II, 


n. N'OnMAN JONES 




/ OBLW ORD 1 0 IIIL ROM 1 N n^ BDI I W\ 


Modtin chemihliij nlns tm< and mm on /Ai/wrt// inr/hudi foi inpesligalion 
of Mnirtuial Ihtoni^ and nuctimU) nf suhslmrs as will as fui piitihf lontrol 
in thmirnl indnslry !n this lisped il is iiri/ diffiiint from the ihmutiy of 
the past itnfiinj 1\( must uilnoiiilidgr the giinf arhuoeminl of the physicists 
in promdingnufhodsfoi the solution of chunuat problems \V( also must aiknoiv- 
ledge Hit aihiiniudil of a spuiatuid indtisliij for /irooidin^jr u huge number of 
ihemats with (ompli tilid but shuulaidiztd instnmnls, iiwhling Hu perjoimanri 
of dihcale phgsunl niasunmint lliitl legmrrd a high degm of speiiahznlion and 
lostly iguip/iunt smial diradts ago 

It IS the duty of tin i /uniis/ to iipplg phgsii nlmi thods along roi fli i Inssuulihiini- 
lal miihods both in fuiidaminlal and indihlnal research II would bi a rjieat 
mislati ni t to tale itdoiuilage of thi nii thods and egiupiinnl prooiihd I g physus 
and indusliy and to nly sohly on old-fashionid and iiimhirsomr themical n»- 
fiiurfs I aihnsiniihd oinsettithgioiipmnstttppli) till lust uvm'ubli nuthoils to thi 
solution ofpioblimsiii oidir to soloe them in tin siwilest possihh fiim and until 
the giinhsl iffuiency Iheufoii the iisiaiiliii mu t not In confintd to his own 
limited field but rniul learn thi milhods that will liilp him solin his ptnbhms 
whither lliesi inilhods fn physuul, rhemiial muhniuml or Inologual In this 
rispitl thi pnsinl book will In oflulp to ihimisis 

I his hoof, IS not a bool ofphgsnalihimistig Ifisiihool oforgami rliimisli g bi 
(iiiist iliswiitlenpnmatilyfornigimii ihnnisls I hi analysis u/subsluniii bymiaiis 
of infrainlspitlrostopyunm of tin inostilfniiiil ni thods of miHstigntiori offned 
by physics In clumi try in thi lust d ludi II i\ as nicessaty in hisu as in 
iriduilriiit Tisumh 

This loot IS till iisnl Ilf a lollaboialiou bifwiiri oni of oiii most npt 
iieiHid spirtrosinp’sts mid an orgiiii i ihtrnisl ivlllunnn holh nationally and 
wltrnaliorndly lii are gialifal to tin authors who pal usidi thin nstaiih fora 
piriod of timi and dii'otid thru hmi and init/y to nffii organu ihrmuts 
riih material syslemalizid auoidinglo Ihi pnnttphs oftnuilern orgariii ihtimshy, 
and lo pnsenl Ihf most impot hint nsuU pubhsludin thi hliiatiin jiom u intinil 
point of Diew biisid on linn long pirsonul nptiifiiit 


r I) MM1ZI>>U 




PRFME 10 lUb ENifUSII EDITJOK 


Ihesui, of tius M hi^ bem itdmd sligh/li/ in rompanm ivUJi 1(9 origi- 
nal iwion. Ihis u brrau^f wt fill that the rhapkh dralmg iinlh infrared intlrii- 
niailalm and /eihnigim roiild hr deltlid irr Imr inadr vvrnil imprwemrnti 
and additions to the rrmaining frit. 

Oner again we wish to thanb Dr. Gtrhaid Jhrzberg for his inrouragmmt, 
Wenregiaiifnltn Di J? Soiman Jones for his turfitl romnimh, etptriallg 
with trgaid to Ihi pliolometnc definitions and nomentlatiirr 

A sprnul urAnourrifffjnmf n due to Dr Ludmilla liiilddianii for arfom- 
plishing the difliiiill task of the Iranflation 

Wf also thank Di ( hoiks Iiiirll uho rarefuHg trad thi maniiseiipt, madi 
mang usrfiil iibsiruations, and lontnbuted to tne authrnfu \mtricani:alion of 
Ihi hook 

1 inallij lot thank th( piil'IislKi /or hiv kind paluntr luiiarddiffiialtaiithois 
iiho an too Ijiisii to spend {ngiilarlg) thru tmi loilh the nirfiruloHs worl of 
rrediling a bool 


IMF VI illDRS 



PREFACE TO THE ROMANIAN EDITION 


The importance of infrared sperlioseopy is (ihnious from its applications in n 
oariettj of fields siieh as chemistry, physics, hologi!/, pharmari;, medicine, yeotogy, 
space science, astronomy, etc. Of these, organic chemistry is certainly its greatest 
beneficiary, both in basic research and in indnstiy. This can be seen from the 
tremendous number of publications that have appenred in recent years. 

The scope of this book is to provide the rendei with sufficient understanding 
of the basic principles enabling him to apply the method to i/ie .sofii/iD/i of riirrent 
problems in organic rhemislry. 

In order to meet this objective, the bool; is divided into three nnegnal pails. 
The first and the second parts were designed to be of intiodnrtoiy rhararlri, 
hence are relatioelg. short. They are intended to pinvide the rendei with the theore- 
tical and irehniroi bnrftjjrrnir/irf necessary for a romplele and useful imdrrslunding 
of the third pait, which is the main .vrriion of the book. 

/I brief outline of the theory of infiared spectra i.v given in the first part 
of the book. The systematization and symbols lued rrre those of Professor (ierhard 
Uerzberg's classical treatise Klolranlar Sppr'fra anil Mnlmilar Slriiptiirp, Vol. I 
and II (I'lin Nostrand, Princeton, New .Jersey), The pre,sentttlions are mainly 
qualitative. Details are given only nihen absolutely necc.',sary for a clear under- 
standing of the principle under mnssideration. In other molds an attempt is made 
to maintain a balance between a complex theoretirnl tieatmenl and a correctly 
simplified presentation accessible to a large number of readers.However, weeonsid- 
ered it necessary to present the elementary notions on a higher level than 
commonly used in similar works on applied spectroscopy. 

Only piinciples ei.srntinl to oiii goal ate trcalid, ImpoilanI hut not absolutely 
neemarif topics (such as the theory of bund intcmiiii.s and the applications of 
group theory) are described biiefty and qualitatively. 

ll^e try to present a cleai image of the notion of gioup frequency by cnriela- 
ling qualitative aspects with Ihe theoreliral background. 

The second part of the book deals with the //leoretirnf and (erfiniral aspects 
of the infrared instrumentation and techniques. This part is mainly intended 
to provide ihe reader uiith the basic knowledge nccessiwy foi opriatingnn infrared 
spectrometer after a rcla/ii>e/i/ s/tori period of training. 

The thiid and main part of the book deals with a biief description of the 
various applications uf infrared spectroscopy , such as identification, purity controt. 
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and qumtiUitive analysis; these are followed hy a detailed presr/ifaHon of infrated 
spectra of organic compounds based pn the latest literature and on oar own data. 

The material is systematized aoeording to functional groups with particular 
emphasis on correlations between rAentical structure and infrared absorptions of 
the compounib undrr consirlerafio/i. The spectra are presented in an order corres- 
ponding; to the chemical classification of substances proposed hy Prof. C. D. \enU 
izescn in Ais loelf-ftnoion ireaiise of Or^iic Cbi^iliiHtr} . 

The most df failed chapier is ihaC deoiini/ with hydrocarbons, the fundamental 
CD/npoUiids of oiganie cAemisiri;. In chaplers dealing with inonofunclional coni- 
nounds (halogen compounds, alcohols, phenols, eihrrs, organic sulfur compounds, 
organic nilrogpn compounds, efc.) or di-, (ri- ond pofi/funriional conipouiiis (alde- 
hydes, ketones, rriib(i.ti/Iir nrids and fhri/ fiinrfional dcriDn fines, derinafioes of 
rurboriLC act'd, rfr.)i we emphasize the significance of band posifions and band shifts 
of the coi responding chemical bonds with resperl to the eleclionic siruclure of these 
bonds. VVr poinf ouf fhe ronefafion nf indiirfiuc and ronjiiyiifiop effects with band 
position and iniensily, and freal hydrogen bonding exip/isinefy. We also stress the 
p/feciioeness of the mcifiod in ronfnrma/ional analysis and in various problems 
of .sferic configuration. Finally, inp discuss two classes of nalural products, oorbo- 
/lydffdrs and proteins, as well as aromatic hrie/ocyrfr.s. Organic derioatives of 
phosphorous, arsene, silicon, and organometallir compounds have been omitted 
for lack of spare. 

7n earA insianre toe /ry to define the limiiaiions of the method and to stress 
the point Ihuf leliable results ran be obtained only hy correlating infrared data 
With data obtained by olhei mrfhods.surh as Raman spectroscopy, nurlear inagne- 
tic resonance, mass specfrompfiy, e/r* 

77jc first appendisc contains a table of rhaiacierisin nbso/pfiom /or ran'oiis 
classes of rnnipound.v, ond f/ir sn ond opprndis, the principal collections and rata* 
logs of infrai ed spectra. 

We wish to ihanh Piof. C. D. Nenitzcsru for his encoirragcnuni, under- 
standing, and support. 

We are grateful to Prof, (i, Ilerzberg (Ottawa) for his encouragement and 
his permwion to use some figures and examples nf his well-known monoyrapA on 
infrared and Raman speciro. 

We thank Prof. R. Mtckc (Freiburg in f^rebyau), Prof. 11. \V. 77iompso/i 
(Oxford), Prof. Jean Lecomte (Friris), Prof. Marir-Louise Josicn (Paris), Prof. 
Jean Lasconibe (Bordeaux), Prof. I). lladSi (Ljubljana), and Prof. R. Norman 
Jones (Ottawa) for permitting us to use both their pub(i.shrd and unpublished 
results. 

We are grateful to our colleague. 7. fi. Dinulescu, for his as.^rsfance with 
the art work and pi oof. 
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Infrnnvl nuliations were dispovcrcri by Frcdcrir William llcrschcl in 1800, 
In an nitempl In cslahlusli by ti‘m])L<ralurp mpti<tureineuts the {larliliou of radia- 
linn powur in various regions of Ihe .solar sperlrum llrrschel obser\*rd that 
line of the relerenee tlii'rraomclers ]ilared outside the visible region beyond 
red showed llie liigliesi leinperutiiie (Fig. 1-1). Thus Ihe ex islenre of invisible 
radialiiiusiharHrleiizediii!iinl}i b> llieirlheimalpruperlies was pointed out for 
ihe first time. The.se ladialions were riMleil thermal rudiatioiis'* bemuse ot their 
siihjeetive physiological nrtioii tiiitl the fact Hint infrared siiurees are .strongly 
heated objects. However, this term is inadequate since any electromagnetic 
ladialiuii, visible, ultraviolet, uud even X-ruys, is Lraiislnrmed mainly into 
heat when absorbed by vai ions sulistanees. llie clleel is stronger in the infrared 
region bemuse the highest energy emitted by rommnn siniiTes (ineande.sreiit 
bodies) lies m this region ol Llie spectrum*^ . 

Thirty five years later Vmpere lerognized that iiilriiied nuliations undergo 
rellecLion, lefrnetion, iiiteitereiiee. and pnliiuzation similatly lo visible light. 
However, infrared radiations have lunger wuselengllis. 

The wavelengths in the infrared region are generally measured in 
niierons ji'***. Tlie frequency of the vibuitions is given b\ the relation 

v'- ' . (11-1) 


where ri -2.‘.ll)77(i ■10*“ em sec”* is the veloeily of light in vaeauin (ea. !1 xlO*“ 
cm sec ■*). The Frcqueney is measured in Heriz (I Iz)***" . 


* 'llie nanir latnrotl si'cms In be diir In Hrqiu'ii'l (IKli'M, js uppasi'd lo uUioviolrl, 
fiisl HirnllDiird by Stnkcs in 1853. 

** I'nr uvaniplr, if we watch (in the ilarkf d siliri»n lUibldr mil lining healed by an 
clrrlrir niireiil of inrrrasiiig Inlrnslly, we enn seme IhcruMl radidliuu long bclure teeing Ihe 
iiid. The i\'e, .leeusLoiitedto darkneM, ran periMse sisiblv lailulinn only when llie lempera- 
lurr of the rod exceeds .'iHO’C. As the loniperdlnir mill iniies lo i Ise, the nb|i-ct bernnirs bnghler 
possing from d,irk- to lighl-reil, lo llglil yi How, and Inully lo while. At this point the lem- 
petaliire isabuiiiriOO'C TlipmdxiniiiinencriiYimlltedbytbernd lies in the infrared region. 

*** I |i 1 iim (nanumelerl 10”’ iniii IlH cm 111’ in / - Id* V. 

11? il perlod/semnd 1 sec”’. 
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Radiation with a wavelength of lOii (medium infrared) ha« a frequency of 
3x10^* Hz To avoid such large numbers the loaoe nmber (number of waves 
per cm) v or v is generally used It is proportional to the frequency and to 
the recipiocal of thL wavelength measured in a vacuum It is ixpiessed in 

cm-i 



1 ig 11 lUisiiiils iNTUiiiiKnt 
Ty — Ihemiomplpr In Lhp visible nn Tj/f Ihdii mil ii 
Lbelnlmred, TJ^l — rermiui Uinimmetir Jlii iuims sIi ^ tin 
iipproxlninte benbilnily nl tin lunim ivr (il ttul lini) 1 Iht 
iililiM Unii Li ihire million fsulid line) 
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ol loot) inr*) 

Ihe veloiity oi light vaiits with Lhi iilrutm index of thi propigition 
mediumi wliiuss the liiqueucy is constant, cmisiqui ntlv, flu wivtUngLh 
and wasi numlnr of ikiiiomagiuLic radiation liavi different s lines iii diftei- 
ent media Ihe corieition for values measured iii an (vstr) c oiiip iied to those 
measured in a vacuum (v ,] is extremely small and irielevanl foi uirrinl 
work, for Vg,,— 500 cm '•the Lorurlion Vofr— v jr^O 11 pm“' ind for Vgir 
=5000 cm"^, Va(,-Vtne=l W cm'^ 
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XS 


According to the fundamental Planck-Ein&tein relation, the energy £ 
is given by 


£s:Av'=Ayc, 


where h is Planck's cunslant = G • 62 19 •lO"*^ erg- sec. Therefore m spectroscopy 
one takes the wave uumbeeas a measure of the cnergy-.l rmr^s 1 .9861 erB= 
.2398 •10'* eV ^2.8590 -lO'* kcal/mole. 

For a long time, it was diliicull to make wavelength mcahurements in 
the inlrared because ol the lack of adequate detection means. Construction of 
\ery scusitne leceiseib and discosery of clfirienl methods ol investigation 
enabled the dcterlion of infrared radiations with very long waselengths. On 
tlic other hand, bs using eleetric oscilljiois one ran pioduie radiowaves with 
wavelengUi^ ol Uie same oidei of inagnilude. by progressive reduction of the 
radio Witvelciiglhs one can find the same radiation properties os those encoun- 
tered bv progressn e eiihiiiiremtul of the infrared wavelengths and vice versa. 
The existence ol an inteimediate (oveilapping) region between infrared and 
radio waves completes llie entire pictuic of the electromagnetic spectium, from 
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very slirirl (l).OOj A) waselengLhs, roriespoiiiliiig to emissions or radioactive 
bodies, In wavelengths ol thousands of meters, rorrespouding to radio- 
waves. 

Ihc lower limit ol the infrared region (next to the visible region) in the 
electromagnetic spectrum (Fig. 1-2) was set at 0.70 |i, using as a criterion the 
Sensitivity of the human eye. As shown, the upper limit (which is difficult to 
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doline) has wavelengths of the order of hundreds of mirrons. It is a 
vast region, including ca. ten octaves* as against four for the ultraviolet and 
less than one for the visible region. 

The energies of radiations belonging to the first octaves in the infrared 
region are of the same order of magnitude as rotation and vibration energies 
of molecuies (ca. 0.002—1.25 cV). Consequently, strong iuterHctiuns of infrared 
radiations and matter arc to be expected; for example, when a beam of infrared 
radiation of a certain frequency hits a molecule, two situations can exist. 
If the vibrations of the molecule differ in frequency from those of the incident 
radiation, no interaction takes place. However, if the molecule vibrates with 
the same frequency, it can absorb (under certain rouditions) n certain amount 
of energy and rises to a higher energy level (excited state). This transition is 
discrete (quantized) and results in an increase in the amplitude of the vibra- 
tions. The absorbed energy is the difference between the energies of the two 
levels. It can be measured by means of various spectropbotometrie devices. 
The latter phenomenon is called absorption by resonance**. It is responsible 
for the analytical use of infrared spectroscopy in physics, chemistry, and all 
sriences based on the knowledge of physico-chemical processes (medicine, 
pharmacy, biology, the corresponding iiidustrie.s etc.). By plotting the energy 
absorbed by a substnnre against frequency or wavelength, one obtains the 
absorption spectrum of thuL .substnnre. Surh absorption spintro, i.ilhri Lhnu 
emission spertrn, nie widely used in oiguniu (hemistry. 

Classieal elertrodynomics and modern quunliim theoiy .show tluil the 
inU'rartion ol radiation and mutter, resnlling either in absorption or (.mission 
of energy, is possible only when a dipole rnomrn/ variation is iiivolsed. Coiise- 
queully, only vibrations or lotulions of the luulerule rrsulling in a rhange m 
dipole moment are inflated iirlive. .Ml the other vibialiuns oi lotntions are 
m/'rarrif inarfinr. .Some of them run lie ohsers'cd bv Unman spcrtiosropN*'''’ 
which is an important implemenlatioii of infrared spertrusropy. 

Molrculni spectra enable tlie direit derhatlon of dlsriete einrgy lesels 
Ilf a molerule, From these levels nne ran nhluin drlnilrd infonaatiun aiioiil the 
motions of elerlrons and nuclei in the molerule. The study ol elertroiiic motions 
provides the thcoretiral background for the understanding of rhemiral volenre. 
From the viliratiimal frequenries one ran ralrulalr with great arrnrniy the furrrs 
between the atoms ill a molerule ami the heat ol ilissorialions of molecules. 
l''rom the rolntiouul frequenries one ran iiilriihiti* srrs' nrriiratolv intei- 
uuclcar distaiires and obtain arruiale iiifurmatinii ubnut mnhrulni geometry. 
Together with other now methods (e.g., luiriowave spertrnsropv, miclear mag- 


* (liir'urlnvc— aiiiiliiiiiusulnuiiily in .irniisliis isnrBUgrii/trcqiiNirir'ilni \invcl«ii|tths) 
vliric thi iippiT limit difliis finni llir lovii um liy a fnrliir nf two 

** Ihr vibTiiliiiiiil Pill ia> .ilisiiilidl liy 4 inoirrulp Is liaiisriniiiril iiilii linnsl.iliinial rmogj 
on cnllision with a lU'iglUinimi; molrrulr 'Ihp ncrilcd ninlpriilc rpliinis lo its initial stati 
auil is capnlilr nf ii nrw alisniptiiui rriiiisl.i I inu.il rnrrgv resiills In thr gpiiri.ilinii nf heat 
Coiiwqurntlr, nii ahsuiplino liy mil In. i iillaiuinpiipigy is lraii^fniinFd*iiilii Ihrrnial rnrigv 
Tliib phrminiriuiii is irspoiisilili fni hi itiiif lis iiir.iiis nf infiarpri r.iiliilllmt* 

Spp tjippiidix III 
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netic rfBoiiancc, mAsa apcctrometn*. rtc.), inirnrcrt apcctrnacopy ia » {loweriul 
topi in uTganIc rhcmiatiy. 

Although infrared radiatinii was disrovered in ISOU, tlie first aped rosenpic 
studies in the infrared started u rciiliiry later. Tliis wus primnrily heeause 
of great teehnical difficulties and lack a complete theoretical hnrkgrouiai, 
These difficulties «ere solved in the first four deeudes of our century 

Development of quantum theory ond na''i‘ mecbanics poinlul out the 
great importnner ol infrared speclrnsropy in the investigntion ol inplerular 
structure. 

Hiefirslli^spnlhesisionuTiiinglheexibLeuirof u rnrielatiou between inlra- 
led spectra and ehemical slructure was proposed by Abney nial I'e.stingi. They 
showed in 1881 lhal vaiinus fniielional groups gi\e lise to certain absuiplioii 
bands in the iiitrmed sjieetriiiu. In the extent that the oceinrence of the.se 
bands iiecessnrily implii’s the existence oithe ics]ie(‘li\e luneliona) groups in 
the molecule. Ml subsequent studies .supported Ibis hypolhesis, not only in the 
infrured region close in tlie \ isible (0.7 1 . 2p.) investigated bv Abney niul I'es- 
tingc, but also in the region of longer wnvciengths. 

The lirst iissignmeiil ol a band was done by Julius in 18'J2, who coiiela- 
ted the ahsoiplion nenirriiig at la. ilOOO em~^ with the exisleuee id a methyl 
giiiiip in the iiinbe ile. \n milstandiiig aihiiseinent is due to \V. W.biiblenz 
who, lietween l')0,5 10118, |iulilished a eataJog ol iiiliuiedubsorptinii andemiS' 
sioii spectra ol iiiimeious siihsUiiue.s*. 

lictwccii I'll'l l*i;i8 serv lew iiiliaied spciliuiuctiis were m cxMence, 
.aid those were iii reseaicli biburutuiies (maiuly in phuies). .Subsequently 
the use id iiiiraied speeLroseopy increased drnmatirally. Vreording to rerent 
stiilislies .scM'ial hundred iiiiraiid spertrnmelers were in use in 1!I17, mer 
'iOOO 111 1058, , ml iilinusl 5000 in 1000. It is M-ry likely tbal lurienlly more 
Ilian 10,000 infraied spocliometers of suriuus types are in use all user the 
world. Infrared .spertrii.scups is used must inlensrly in orgaiiir chemistry, 
both III lunilameutal and iiidusiriul lesearrh. Kesides qualitnthe and quaiiti- 
latiM analyses (ideiilificutioii, puiityeiintrul) this method became very impor- 
tant in sluilies id niuleiiiliii stnirliiie, ehemieal kinetics, and reartiini inerlin- 
nisnis 


* Thi> work wb^ ir-pdllrd In 1DG2 bv Ihr I'rrkin- Elmer C/nporatioii. 




PART I 


INTRODUCTION 
TO THK TIIKORY OF TNl^RARED 

SPECTRA 


CITAPTER J 

ELEMENTS OF QUANTUM TIIEOHY 


Iiifrarrd spectra arise from roinliannl and vibraliniinl mnlions of the mole* 
rule. The tlieorelicol harkgrounil for the inlerpreLitioii of these spectra is 
provided hy classirsil and quantum nierhnnics. llic elements oJ ijuautum theory 
and -wave mechanics are outlined briefly in Chapter I. 

1. Atomift Spectra; Rohr theory 

a. Stalionary slatea. Ouanfiini rauditions. Tlie nnrlcar model of the 
atom suppoitcil by Hulheiford’s fundamental experiments on diffusion of a-par* 
tides does not obey the Inns of elussiral elertrodynamirs. In sueh a model the 
election should permanently emit elertrorongnetir radiations beiause of the 
acceleration it expuienres in its motion in the Coulomb field of the nucleus. 
Progressively lo’^ing its energy, the clcdroo should finally *‘eolIapse*’ into the 
nurlena. However, it is knnnn that the atom is a stable system which emits 
rndiiilinns only under eei lain conditions. To explain the stability of the plane- 
turv model of the atom, Niels Ruhr postulated the existener of .ffafi'onarr/ efrr- 
tronic orbits, eliararlcrizeil by discrete energ)' slates known as slalionarj/ Ata/fX, 
.Statioiiniy' stales are selected from the infinity of energy slates possible in 
classical mechanirs by means of rerlam qmnlum ronditions; for example, from 
all ellipliral orhifs aecessilile to a single elertroii moving in the Coiilomli field 
of a nucleus only those 111 \chieh the majui axis is proporlionnl to the square 
of a whole number n, called the principal qiianhwi niimbri, are possible. The 
minor axis is proportional, with ilir some proporliuiiality factor, to the product 
of n and n seennd number / (1 ; i is the so-called tuimiiihal qnanhmt number; 
n pan take anv iiitegrol value 1, 2, II, . . , For a given value of n, I can take 
only the values 1), 1, 2. 3, . . . ii- 1. Fnni quantum numbers are nceessary to 
cliatacterize a certain stale ot the elertroii, 1'he other two quantum numbers, 
the so-called intuinelic qiianfum niiinbn m/ .and the spin quantum number m« 
are related tu the orbital magnet ii moinentum and In llie lotationnl momen- 
tum of the electron, respectivels . Areording to Pauli’s pxrlusion principle, no 
two electrons in an atom can have the same set of quantum numbers. Tlie 
two sets must differ by at least one of the quantum numliers. II follows that 
in an orbit with a given I and ni/, there can be at the most two electrons 
that have opposite spin numbers. 
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1). I'ri'qu^My rule. Contrar}' to classical electrodynamics, an atom does 
not emit electromagnetic radiations while the electron is moving in one of its 
alloneil orbits. Emission Inkcs place only if for some reason the electron loses 
energx* in going from an initial nrliit ot energy Ef to another orbit of final 
energy F.f, lower than This phenomenon is called a tiuanium jump. The 
energy emit led .is u Ugh/ t/iuinliim (photon) corresponds to the difference in 
energy ol the two stfltc.s: 


1u,-Kf-K, fI-1) 

The reialioii (I-l) is llie second postulate in ilohr's thcoiv und is called 
freqiicfiri/ rondilion or fieqiitneij lule. According to this postululc the frequency 
of the emitted radiation is gn cn directly by the difterence in energy between 
the final and initial States of the electron. The frequenry rule holds for ahrorp- 
lionof iadiiilion.\ as aell. la tins ca.se llic r|ii an turn jump (Iraiisilion) takes place 
Irom a loner (o nn iiji/icr Jc\ci (F/ Hi). The system ai'qiiiics energy and 
reialioii (J-lj has a positive vaJiie. Triinsilions caiiiiot lake place between 
tmi/ two Jcvi'Ir. They arc Jimited Iiy sehctiim itilr<!, which state IhuL only 
ciTlain elianges in qiianliuu numbcr.s, detcrniining the lc\cl of Ihe Inn slates, 
are aliuiiirri. .Ml ollici Iraiisilions aie forbidden. 

I’Toin ('i-H) nod (M) il tollows lhal the wise niiinlier ol Ihe emitted 
ni absorbed light is 


The Inn terms Ff/Zir and Ji,//ir .ire ealli il sptdial lerim. In molecular spee- 
Iroscopy the expression term is uflen used inslrad of cnrigi/ sIiiIp or qiian/iini 
slate Olid the expression term iwhie is synonymous with energif i>i\lur. Tliey 
differ only liy the factor l/Zir. 

In the hydrogen atom or in the liydrogeii-like ions lle^, l.i-^ . . . the 
possible values ol the energy E„ for various slationnrv slates of the electron 
arc given by 




2TC»|ie* 

ft*' ■ n»’ 


(M) 


where n is the principal quantum number, p. the reduced mn.ss of the electron 
and nucleus (sec 1-22) and Z (which is equal to 1 in the case of hydrogen) 
18 the atomic number. 

In the case of the motion of a. single elccl mil (somcl imes called the optical 
electron)'* about an atomic core which is no longer a point-likc charge, the 
values of the eiieigs' are 


“ftj ■ (n » a)* 


(M) 


* Au oplLcaL vlpclron is one vriLU a principal quantum numlivi laracr titan the quaii- 
luni numbers of other olertrons its linkage to lUr alnm is sunicleutly neak to Ik* able Lo 
undergo a quantum Jump . 
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where a is the llydbcrg correrUon. 'Phis ruireclion depends on llic nzimuthsl 
qunnlum number / and goes rapidly to zero when I inm'ases. In this case X 
in the charge of the ntoniie cine, (i.e. Ihe difference between the iilomic num* 
lier of the eorrespouding element and ll'u number of electrons in the atomic 
core). Consequently thi energy values and the lerm \ alius are functions of 
Ihe quaiiliim niimbiis. llie un\e iinmlier of Uit alisorbed or emitted nidiation 
(an J>e expmsed as a fniietion of the iiminluin numbers (of the final and initial 
states). If we siibsliluLe different /? nr n uml 1 x allies in (1-3) and (1-4), res- 
pectively, uiid ealriilule Ihe eorrespniidiiif* term difrerenres, x\e nhtain the 
wcll-knnxMi senes i.l lines (l.vinan, llnlmei, Paschen, llriwkell, Ptund etc.) 
that represent speilin of viuioiis spieies nl alums m ionized atiinLS (hydiO'- 
gen. lithium etc.). 

e. The enrrosjiojideiiee priiieipie. ilohi's llind jioslulale shims Ihni for 
suffn'ienlb large \aluxs of rjiiiinliiin iiuinheis holh the rules of r/itanluiii and 
rlashiral (heur>’ me applieiilile. i'raiisilions between energy level.s with large 
quanliun numbers do nol rliuiige llu energx stale ui (lie system lii such an 
extent as lo impl\ ual ilisinnliiiuiU. Sinee qnnntum jumps are very small 
one nia\ i (insider ill it in this regiun the piocesses me quiisi-eontinnous. 'ITie 
eorrespoiidenee primipie enabled Ihe old (|iianluin llienix lo make use of mniiv 
ilassiral results, mainly, in intensity caleiiKilioiis. 

2 . AVavo ineehanies 

riic laws 111 elussiral (Nexstoiiiiiii) nuihnuns me .ipplicdlile onh to normal 
masses. Verj small (suhmiciosiopir) partules do nol obej these lavs. Since 
even Holir's theoi'} rnuld not offei a sntislucloiv physieo-iualhemiiticul Lreal- 
iiieul for the behavior of elemenlarx pnilielis, il became ncpe.ssar}' lo rc\ise 
the bases nl qiimilum llieorx mid ol the ronrefits regarding Ihe nature ol llie 
particles. 

In 1021 Imuis de llroglie {luslulatcd that anv coipuselc of maltei can 
be associated with a wa\e. The wnselength is related to Ihe luomenliim p of 
the pai'tirle by the expressimr 




A 

f 

P 


(1-5) 


x\ heie p - m (mass ' > eloeilyi. 

This pisstiilate, uttribuliiig lo ludtier a diicil iliaraelei, tbal of pailiele 
and wave, is the fuiidanirnlaJ piinciple of (juiintnui iiiecliaiiirs (lli'isenberg. 
1925) and of wave nierhauics (Schn dinger, lU2(i). 

a. The S(‘hrddiii(p‘r pquulioii. Wax e inerhanics dues not describe a particle 
in motion by its position and \eloeiiy, but by a roinplex hinrtiuu of coordi- 
nates and time, 

( 1 - 6 ) 


'l (x, y, 1), 
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called the leave function uf the particle. Since it contains the number i il 
has an irrational ^alu('. Only the square uf its absolute value is rational and 
has a physical meaning. It rcpre.scnts the probability that a particle is present 
at time f in a point vrilh coordinates x, y, z. 

Thus the concept of lluhr's orbit is replaced by the concept of an electron 
cloud u'ith a density proportional to the probability of the existence of the 
particle in a certain region. In the simple case ol n sine motion one may 
write 

T=i.tjisin27tv'f 


or 

or combined 


H'- (j/ cos 2 tiv' f, 




( 1 - 7 ) 


a here is the ainplitudr of the motion. 

For n single nias.s point of mass m with an amplitude deyiendiug solely on 
the cuordiimlcs .r, r/, Schrodiuger isrotc the equation 




t’l-ili 


tlz* 


1), 


(141) 


where the tuUil eiierg) of the parliric h'-=-fiv', The potenliiil eneig> V is 
given by the same expression as in elassicnl theory. 

For a number ut S particles the Schrodiuger equation is 



where the amplitude I depends on the 3i\ roonlinales j;, ni/, is the 

moss ui Ihe partule A. 

llius, in vase ineehaiiirs the nioliun ul a paiticle is detcimineil liy a 
lunctinn (t, y, s), repre.seiitiug the .solution ol the Srhn dinger equation. 
The solutions must be rnntiiniuns, single-valued and iiiiite and vanisli at 
inf ini 1}. 

An equaliun with linear piutial derivatives like the Sehrodinger equation 
satisfies the above (ondil inns only tor rertain values at the eonslaiiL E, called 
rigmuafurs. Karh value is related to uii When n eigenfuiirliuns 

cun espond lo the same eigenvalue, we talk ahoul m n-fold degeneiucy. 

The eigenvalues represent the energies of the purtirle lu stniiouary states. 
Thus, Buhl's postulate acquiies a lualheniaticnl meaning in wave mechanics, 
li. The iniorueliou lielniTit radiation and inuller. llie iiilerartion of 

clectromagnetie radiation with an atomic system is esseiitiallv an inteTaction 

► 

with the elpctrir iljpole inniiioiit .1/ ol the system*. The dipole momeiil is equal 


* Xiiterui'l ion wilii llie magnrtie (hpifle mtmenl, tJu* tiuudiuimle nwimnl, tic., ii also [lubsi- 
ble but with very low prolialulitlcb. 
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to the prudurt of the electric charge t of the byRtem and the %ectoiJa] distance 
rbetwcen the centers ol gravity of positive and negative charges; 

Hf^e r (MO) 

with components 

d/-."™ (Ml) 

when* f» is the charge un the particle h and i/, v*. are the corres- 

ponding cooidiiiiites. 

Ihe intiracliou ciicig) is L is the cleitric veitoi of the 

veavt. The ellert of elcctromagiielic ladiolion un the motion of particles is 
piimarilv mainlesled hy a change iit the electiii dipole moment isith an 
uccoinpiuqing (hauge ol the energy of tin system. Since the value of the 

clecLiic field {li) f a periodic funetion, the variation ol the dipole moment 
(it/) is also piriodiL (see Lhajiter II, Section 2b). Iiitioduiing the ciieig> of 

intciiirtioii Al-L into the isavc equation, we laid that the probability of 
liansitiou between two stales n and in due to this uittraction (emission or 

.ijisoiptioii) IS pio])oilinnal to the squjie ui veclois ft"" railed Iraimtwn 
moiiutfs whiih ale Ibi malnx elements of the intciactuig dipole moment. 

II 0, tin liansitioii is nl/orocd. It R""*— 0, the liansition is forbidden*. 

k 

Toi msUince, in the rase ol a sv stem with a single electron, all R** values 
>iip /CIO, cviept for those in which tlie quantum numbers I ol states n and m 
ditfei h) uiiitv ' 


Af-JLl (M2) 

Ihus we lind the idertioi} ruh postulated b} Bohi 's thioiv 

■¥ 

'Ihe liansiliun moments R”" depend on the eigenfunctiuns aiid^jimof 
the states n aud in. Hence the piobabiliby ol the tiansitiou between these 
states is dctemiincd by the rorresponding eigciitunetions. This now allows 
one to olitaiii the in/ensify of the lesulting spectral line. 

J. llolec'ular speclrn 

Unlike the alma thi muKiult is a more lompUv system. Its mass cannot 
be cunsideicd point-liki. ihi mass ol the molecule is prattually luncentiated 
in the atomic nuclei, which can he < onsidcied pumt-like. J his gives the mole- 
cule ti largei uumbci ol dfgrea of /leedonulbe moJeiuU has rolaliunal moinints 
of inatia, nonexistent m the atom on the other hand, relofme motwm of the 

* If nmjii, k"" IS ihi inniMnLul dipoli (whUk is /lio loi tin atom but lan In dilfi- 

iint In K dioIccuIl). 



32 


INFRODIICTION '10 Till' THl-ORV 01 INFRARFD -SPKTl'RA 


Hloais lii'cumi' piiMsiltlc iu n niulcrule. Thus the muIeruK* in rhamotorized nut 
only by ils <7ri'/ruinV aitil (fimyi/ hut also by its lotational and 
vibrational energy. 

Ill u First approxinuil ion Hit' Intul ciiorgy uf ii muIcciiK* ran ho considvrod 
ns u sum of its olrrlrniiir rnorgy Ii,, vihrnlional oiiorgy Ii , , rolationiil energy 
lif, and Ivaiislntinnal energy 7’: 


E- Hr^K, ' li,-i l\ (M3) 

The translaiioii has a roiiliniiriiis rhai'iirlri (il raiinol ho quaiilizod); this 
energy is not dirorlh involved in emissinn nr absorption oF radiations. All 
the other forms of onerg\- are ijiuiolired. In other ssnrds, the molecule ran 
have only rerlniu rnlalinnal, vibialional, nr rleelmnir slates. Like, the 
atom, the moleeule ran vise Irom a lover energy level to a higher energy 
level by absorbing a light quantum vilh an energy equal In the difleienre 
in energy betveen the two stales. 

'riie rolahniial energies of a innleiiile are suiiill, (.noseuently, the eiieigy 
difference betveen Iwo intalional levels is also .small and so is llie energy 
(freqiieney ) of the ((uanta iiecessaiy to ariniiiplish the hmsi/inn betveen these 
two levels. The eoiresponding quaiilu belong In Ihe /iiietunane oi far inflated 
region (above III) p). Vibrationnl eiieigiesaie considerably higher: eonsequently, 
the energy ilitlerenee belveeu tvo vibralinnul lfpel,>i is also liigher. The quanta 
ab.soibed in a vibralional transilion belong to Ihe niediuni infnirtd region 
(ca. 3-30 p) or to the necir in// ured (0.70 - 3 p). Thi> highest energies aie requi- 
red by rlriiniiiit hunsitions. 'fhe eorresponding quanta belong In Ihe \isihle 
(0.1 -0.70 p) or ultras inlet* regions (belov 0.t|;). 

'ITansiliuiis in vhieh higher energy lesels are luvnheil are aeeompaiiied 
by transitions iiivohiug lower levels; lor instance, a transition between 
two vibralional stales is always uccompanied by rotational transil ions, and 
elertronie transitions aie aecoiiipanied by both rolational and sibrutional 
li'an.sitiuns. Lonsequeiitly, a transit loii between two levels does nul invohe 
qiiniita ol 11 single tiequeiiey buL a .seiies nl quaoLii at ililFerenl ireqneiicies. 
Theiefore \ ibratiniiul spectra are uiuili iiinie miuiilieaUd than pure rotation 
spectra; in tael, their correel iiiuiie is iiilaliun-vibntlion spectra. Obviously, 
flrriro/iic spreirn are the timsl eumpliealed. 

Whereas alojiiic rmnu^iun .\prrlin (in the ultravioliT ni \ isible region) euu8i.sl 
of finr.v with initially large sepuratiuiis rapidly cniiverging to the so-called 
bund head in rotation-vihrutiun spei liu of gases, the almost equidistant “lines" 
are crowded into a vci-y iiurrow spectral region forming a fine strvctnre band. 
In many instances only the envelope ol this bund eau be recorded. 

Ill spec'll 11 of molecules in the liquid or solid stale, bauds varying in 
width from narrow to broad are observ'ed, revealing the c’umple\ity of the 

* In suniu very Uis.' utus p . huinc tyaiiiin' liyi's; L'lLilruair h Jusiiioiis luii oiciir 
aibu 111 ihi‘ iii*flr infnmMl 
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transitions. Tin* poslUon, shape, and inteasily of thsse bands are the most 
important rhararteristirs used in the spectroscopic studies of organic mole- 
cules. 

In a first approxiination mrh of the tlirco forms or energy mentioned 
alul^e con he treated separately, considering tlie other two as being constant. 
Actually, this is possible only in the case of rotation because the energy requl-> 
red for pure rotational transitions does not affect the vibrational and electro* 
nic stales. In the rase ol vibrational and elerironic transitions the procedure is 
used only to simplily the thenrelienl tr(‘atment. The approximation is sntisfae- 
toryin the case of diatomic molecules. It is also applied to polyatomic mole- 
cules although in this case mutual interactions of the three types of motions 
result in a much more complicated pattern. 


CIIAPTKH 2 

INFlUnEl) SPEtVi'RA OK DIATOMIC MOLECULES 


Dialumic molecules are the simplest ])ossil)lc systems for theoretical stu- 
dies of rotutioniiJ and vibrational motions. 

They offer the possibility of comparing theoretical predictions with expe- 
rimental results. I'or this reason diatomic molecules arc usually treated sepa- 
rately ill the thenry of molecular spectroscopy. Accordingly, this approach 
is used here. 

Chapter 2 deals with rotation and vibration of 
diatomic molecules, using the rigid rotator, the non- 
rigid rotator, the harmonic oscillator, and the anhar- 
raonic oscillator as models. It also deals with in- 
teractions of rotation and vibration and with rota- 
tion-vibration spectra of diatomic molecules. The 
actual examples arc molecules in the gaseous state 
iit a sufficiently low pressure so that rotatious and 
vibrations are considered to be free of external in- 
fluences (due to the proximity of other molecules). 



1. Aotalion of dinlomie molecules 

11 rotator. The simplest model of a diatomic molecule is 

I hat of a mimbbell with two point-like atoms of masses m, and m. rigidly 
lound to each other by a massless axis (Fig. 1-3), Such a system can rotate 
anout three mutually perpendicular axes that have their origin in the center 
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ol gravity of the masses irii and in|. Hie moment of inertia about the inter- 
nuclear axis is practically zero* and the corresponding rotation does not mani- 
fest itself in any way, The moments of inertia about the other two axes being 
equal, it is sufficient to consider only the rotation about one of them. 

The eneigy of rotation, equal to the kinetic energy of the system, is 

(M4) 

2 2 

uhcre velocities und Pg are deLerinineil |J^ the radii of rotation and the 
angular velocity u: 

p,— r,M. Pj=rjra, (1-15) 

Substitution of and Pj in (1-14) gives 

K,i-= «*(«iiii-l nvi)- (I"'®) 

A 

The sum ill brackets is the moment ol inertia J nliuiit the iixis ul rota- 
tion; 

It lollous that 

£rol--! (1-1 «) 

A 

Since 

‘r I. nnil (l-l!t) 

fiii A /iij ♦ 

the moment ol inertia may he expiessed by 

/= 

/Jlj I Ul, 

or 

ulicre [4 IS the rerliired mass of the system and 


This means that the rotation of a system of two mass points of masses 
and mg (Fig. I-4n) may he described bv the rotation of an equivalent and 
simpler system consisting of a single muss point of mass |i at the distance 
r liom the axis (Fig. 1-4 (i). 

Tins system is called the iimplt tigii lolalor. 

* 'Ihe dwmeUi d1 the nuclei being extremely mull, the dhUiire between the msnei 
and the correipundmg uee of rotation may be coiuideied to be nearly zeio. 


(1-2(1) 

(1-21) 

( 1 - 22 ) 
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b knoifjr levels and speelram cl llie simple rigid rotator. For a simple 
rigid rotator the Schrbdingcr equation is* 


^ dir< .)*» A* 


(1-23) 



(Qj 



til. It KuUtlon of 1 niiiil sysUm 
( ) Svsiiiii nl t«n mist points, (b) Simplr rlRid nlitor 


llu i.]i>iuvdlnts III Lius iquaiion** .lu given bs 


^ ml 


St iu Bit* / ' 


(1-24) 


svlKii 7, llu iol.iLiun.ll (ju.uiLiun iiumbei, c.oi tdke Hit inLigial values 0, ], 
2,. 1 (luitioii (1-21) giMs a seiiis of disricle energy levels. The energy of 

I irh lisU IS piopuitionil to (Pig. Mu) 

Xttmiliug to (1-2) the wasi number of a ladialiou absorbed duiiiig .i 
nililuinil I1.UIS1I1U11 is giVLii by the difteiinie between Ihe terms lonespon- 
(ling 111 till list Is .issotiated with the quantum jump. 

Goiisidi I ing the t iiei g> vahu (1-2 1), the rotational teim is gtycii by 



(1-25) 

Letling 


* 

Bn-i/ 

(1-26) 

iquition 1-2') bunme<i 


/ (J)-/1J(/41). 

(I-25a) 


II IS (alUd tin lotationul lontfunf. lU sahie is (27,'IB()//) 

The sikrtuiu rule foi lotation shuns that only transitions in which the 
r|uiiilura uunibei changes b) uiie unit are allowed 

AJ- Jrl. (1-21) 


* Hirii lo iquAtlonl 8 , whui m is leplaredby u (the ndiiird niiu»), V — 0 (betniisi 
Iht pnlrntidl iiuigy or the rigid lolalor is /iro), and 1 ' | g'H s*-r> (a cDiihtaul) 

** lh« lolutiun ol the SchrodlugLi bqualiun lbu bt round In Hel 11 -14 
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Consequently the value of rotational terms ean be expressed as a func* 
tion of a single quantum number J assigned to the initial stale. In this case 
the wave number of the absorbed radiation is 



v-F(J+l)-F(J) 

r- BiJ 1-1) (J+2)-BJ{J-{ 1) (1-28) 
= 2Zf(J-hl), 

where J-tO, 1. 2, 3,. . . . 

F.quntion 1-28 shows that the sptc- 
/iiiiti of the simple rigid rotator consists 
ol a numiter of Hues separated by a 
runslani differenee 2B. Tlie first line 
lies .'ll V -2B (Fig. I-5b) and corres- 
poiiils to the transition from zero rota- 
tion.il energy to the first allowed rota- 
tional state. 

0 . The nonrigid rolalnr. The rigid 
ml 11 1 or rniinot he ronsidrred a perfert 
model for a diatomic molecule rotating 
about the center of gravity. In Tcalily, 
as n result of the action ol the reii- 
trifugal force, the iuleriiurleor distance 
varies with the velocity ol rotation. 
This suggests the replacement of the 
rigid bar Jiy a weightless spring result- 
ing in a new model, the noririi^iil ro/n/or. 


Fig. 1-3 («) Liiprg> IpM'Is tinrl tiiinmtinns 
u lolutui anrt \b) Hip r(irrc>|Miii(li 
ftiurfl spniiuiii. 


(l. Energy levels and speelruni ol the ninirigid rotator. 

In a nonrigid rotator both the intcmuelear distance and the moment of 
inertia are eausally altered by the centrifugal force. This results in a varia- 
tion of H (f-2r)) which is no longer constant. 

The him of the iioiiiigid rotator is given with sufficient areurury lij ; 

/.'(./) -B\\- uJ(J , 1)1 J(./ I 1 ) (I-2'J) 

hi 


where fill— iiJ(.7-i-l)] replaces B iii (1-2.')). The constant B is given hy (l-2b) 
in which I has a value corresponding lu zero rotational energy; the value 
of II is much smaller than unity. 

Letting 

nB^Df,. (1-30) 

the rotnliunul term of the nonrigid rotator is given by 

/•■(J)=/IJ(J-|-l)-Df/J*(JHl)*- U-31) 

If J is not veiy' large the intluencc of the eenlrifiigal factor Off is very 
small. In Fig. 1-0 energy levels of the iioiiiigid rotator (solid line) obtained 
ior exaggerated values of are compared with energy levels of the rigid 
rotator (dotted line). Even in this case, for J<C the inllucnce of the centri- 
fugal factor Dr/ is so small that it cannot be shown in the diagram. 
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The fcelvctioii rule u applicable to the uonrigld rotator aa well. 

CouBcquently the wave number of the radiations absorbed by the nonrlgid 
rotator is gh'en by the difference between neighboring terms, 

=;J(J+lKJ^21-/)c/(J-^ I)V+2)»-il./(./ f 1) i-I>,/JV+l)* 
=^2B(J+\)~U),f{J+l)* (M2) 




Fig. |>6 Energy levels ol Fig. 1-7 Rotation spectrum of 

the nonrlgid rotator hydrogen chloride |la]. 

(From Hrrzbcrg [la]). 


Thus in the infritred rolalion specirum lines are not equidistant; the dis- 
tance decreases with increasing rotational quantum number, However since 
/>cy is much smaller than B (/3 k^< 10“* B), the effect is very small. The agree- 
ment between calculated and experimental values shows that the model of 
the nonrigid rotator is very suitable for explaining far infrared spectra. 
Prom the observed spectra important data can be obtained. B (see Section 
lb of this chapter) allows us to calculate the moment of inertia i(T-26) 
and the iiitemuclear distance (I-2I). Tlie rotational ronstant Be/ gives a 
measure, of the influence of the centrifugal force and may be used to deter- 
mine the approximate vibrational frequency of the molecule (See Section 2d 
of this chapter). 

The following data have been obtained from the rotation spectrum of 
hydrogen chloride (Fig. 1-7 and Table M): 

Ba= 10,34 cra”^ (distance between two lines, 2B=20,68 cm“M 
^b/=. 0*0004 cm”^ 

1=2.71 ■ Ul-« g. cm-* 
f =1 .29 . ir» cm (iji= 1 .C3 ■ lO-s* g). 

The experimental results have lead to a number of empirical equations. 
The .simplest, 

v=fi,m, (l-28a) 
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Table /•! Rolatlontl IrequenrlM of llit IICI molrmla (tram Hmbtffi (la]) 


I-JI / 

J (initian 

vealc 

(1-280) 

(/, -20.08) 

*0bR 

AYobl 

cm”^ 

a) 

(/, -20.79) 
(9-0.0016 tin-') 

^■^yniJe 
(b32 a) 

1 

0 

20.88 



20.79 


2 

1 

41.3G 



41.57 


3 

2 

62.04 



62.33 


4 

3 

82.72 

8:1.03 

21.1 

83.06 

-0.03 

b 

4 

103.40 

104.1* ** 

20.2 

103.7,5 

[-0.3,5 

6 

r» 

124.08 

12 UO 

2U.7:i 

121.30 

- 0.09 

7 

fi 

114.76 

145.03 

20.4H 

111.98 

, 0.05 

8 

7 

165. U 

165.31 

20 :r» 

1 6.5.50 

j 0.01 

!) 

8 

180.12 

185.8(1 

20.52 

IK.5.0 1 

O.OS 

10 

11 

2ll().Hn 

20b .;k 

20 12 

20(1.30 

1 o.os 

11 

10 

327. IH 

22b 50 


220 55 

II 05 


is romparahir lo (1*28), 2Ii cuimpouds Id /q (a iliaraitensitic constant of 
the gas), and (J 1 1) rorresponds to the integral niimbiT m. The dilfereiipes 
between calculated and observed frequencies are even smaller jt one adds 
a cubic term to Equation (I-28rr). In this case one obtains an expreshinn enm- 
parable lo (1-32): 

(1-320) 

'where llir failur r/ is iimcli smallet than (see Table I-l), llir \ allies of 
r and I are in agreement with those obtained by other ph\sieal melliods (\ is- 
cDBity measurements and crystH]lngraph>). 

As previously mentioned the activity of pure rn Lai lunal (ami Mbralinnal) 
modes in the infrared is determined bv Ihe ^a^latlon of the dipole momeiil. 
Obviously, in the rase of diatomic mulecules this condition holds only for 
heteroatomic molerules yilh a permanent dipole. Homopolar diatomic molc- 
ruIcR (Hj, O 2 J Nj, etc.) do not absorb 111 the lufrared^*. 

* This value has mi hern anuralcly nirasurril. 

** Recent expcrimi-iits have shown that prrturbutioii of Uie symnieliy ol these niolerujes 
undrr the Influcnrc of external Melds rpsulls iii ihe su-callrd induced absorption. Inde- 

pendent of rliangps in dipole iiioment but deprudml on the product of the polarlznbllily 
of the muleeulr and field iiilensity, Ihis product is called the induced mompnlum. Since 11 0 
phenomenon depends 011 the polarirability of the molecule, thi iiidULcd absoiplfou obeys llio 
Relrctlon rules valid in the Raman effect, induced absorptlo spectra of hydrogen, oxygen, 
and nitrogen have been obtained both in the gasenus slate at ugh prcssiirr and in the con- 
densed phase. Ill both rases intormoJceular euJIisoiis give iis to siirficlriilly stiong fields 
(ca.]0* V/cm) for Induced absorption to occur. 
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2, vibration of diatomie niohenlM 


For sludufH of Mbrational motions of diatomu molecules the same pie- 
Muusly described dumbbell model is used The atoms are counerted by a 
massless spring and only vibrations taking plaru under the influence of the 
foru of Iho spring aie lonsidcred These motions uicur peiimliully about au 
equilibiium position in the dn action 
of the internuclear axis. | Z j 

0 Theharmimie oaeillalor. As in ' I 

Ibc rase of the rigid rotator tin sys- 
tem (Fig I-8ri) can be i educed to a I I I 

mass point pinodically oscillating 
about au cquiiibiium position (I'lg. „ m; 

I-8b). If the luice that tends to hung 
thi mass point to its equilibimm 
position is proportioinl lo th( eloii- I ) 

g itloil i, 1 H I B ihc haimnnie oscillator 

/ / I (Ml) 

llu sssltiu IS (ailed in haimonu oicillalor and k is the font lomfanf 

1 quition (I-ll) mis bi ihiittcnas i differential iqualioii bj leplaring 
Ihi torn 1 bv the piorliiit mtilerahon 



r 



I 


III / I 

dt* 

I 111 solution uf till iquition is 

r Tjsui (2«v,' 0. 


(Ml) 

( 1 - 35 ) 


\shcie ip IS the implitude o1 tin Mbration 
,is(n b\ 



The vibiatioml frequency is 


(I-dh) 


llu pnlintinl imrgs of the hirmonii osullitoi is nbt lined li\ Integra- 
ling till (xpussion (1-11) 

Smir the potential mugs nl tin luiiniinK oscillatui is a sciond ordei 
tunrtion of a it is repii suited b\ i paiabola with the eoncavily toward 
positive values of the enirgs axis Its apex (thi minimum potential energy) 
coitespomls tu Ihc eijuilibrium position if (Fig T-9) 

In the else of Isvo atoms ol i inolerule the mutualh leslonng foiccs acting 
svhen the atoms die displirul liom their equilibiium position r, may be 
umsiduerl to be pnipoitinn.il to the chinge ol the interatomic distance 


•l r, ,, . 

Wl , 
dt* 


(I-d8a) 
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and 





(l-38») 


The delinitioD!) of r^. r, and r arc given in Fig. 1-8 (sec ulsu Fig. 1-3). 
In I'jg. 1-8, T=if (see also Fig. 1-9). From (I-38a) and (I-.38b), 'vec 
obtoin the equation of the hami'inic oscillator by substitution of (1-19) 

and (1-22), reducing the vibration of the two 
atoms of a molecule to the vibration of u 
single mass point of mas.s (ji: 



(l*(r -re) 


d(j 


- = -^r(f-rj). 


(1-38) 


3 he vibraLionul frequency nl the molecule is 




Fig.l 0 Ihrjiatrnlial riuray rut\r, 
cnciav Itvrh mill IransiLiniis iiI 
tlic harmoiiir o>.rilla(or 


Thus, the lulcs of rltissical mechiinii's 
state that in ii diatomic inolernle there is 
only one pn.ssihle viliratiiinul frequency. Tills 
irequenn d pends on the loree conslant and 
on the reduced lUiiss of the two atoms. 11 is 
independent of the amplilude, piovided tliat 
(1-33) is ohejed. Uelenniiiiilioii of the force 
eunslant is one of l]u‘iuajorgo.]Isinspei'iroscopie 
research since the fnree roiislant gisi's qi iii- 
titative iiifnimatinu coneeming the inleratomie 
loices. 


1). Energy Irrelsniid .spcHrum of llir liaiiuonie oseillnlor. In iljssir.il 
mechanics the amplitude (Iherelore the \ ibralional encigy) ran take n/uj v.iliii‘. 
In wave mechanics the Srhriidiiiger equal inn d seriliing tlie motion nl llie 
linear hannonie nscillulur is 


rli- 


Ntt- 

/!= 





- 0 . 


Ihe eigenvalues ohiained from this eqUiitinii are gisen by 




I MO) 


(Ml) 


where v, tlie vihialivnul t/iirm/u/n iiiwihci, lan Lake uni n integral \ allies l), 
1, 2,... Consequently, the harmniiic oscillator can have only rcrfiiin eneigy 
levels depending on the quantum number 0 . The differenre in energy between 
two levels is constant. Therefore, in Fig. 1-9, the energy levels of the har- 
monic oscillalor arc equidistant. 
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Eveu at the loweat level (v=sO), the energy in not zero (In eonb’ast to 
' the rotator), but B(0)asl/2 (Avi). This energy is called zero point energy, 
Somrtimcfi the quantum slate n=U is improperly called the oiArafionicM 
state. 

Dividing Iho cnc^g,^ by he, one obtiUns Ihe value oi the vibrational term 
of the harmonic oscillator: 



C(o)=^ = J!.(p+-i)v 

(1-42) 


he e \ 2/ 


Letting 

e 

Vp 

-=IO, 

(1-43) 

one obtains 

C(o)=io(oH.l] 

(1-44) 


where u is the wave nuinlier. It rorrespnnds to the. frequency in (1-36) 
given by classical mechanics. 

The selection rule for the vibrational ([uantum number of the harmonic 
oscillator is 

Ao=^il. (14S) 

The terra difference gives the wave number of the absorbed radiatioir. 

v=^G((i+l)— G(n)=M|o-|--"|— w|i;+ (1-46) 

This sliow.s thal the interaction between radiation and matter takes place 
when the frequency of the radiation is equal to the frequency of ihe molec- 
ular vibration. In other words the dipole moment must change with a frequency 

equal to the frequency of the cliangiug electric field E. Absorption of energy 
results in an increase in amplitude of the molecular vibration. The absorbed 
quanta remain the same no matter what levels arc involved in the transition 

(Fig. i-n). 

Thus the vibrational spectrum of a diatomic molecule considered as a 
harmonic oscillator has a single strong band in the near or medium infrared in 
contrast to the rotational spectrum consisting of several almost equidis- 
tant lines. 

c. The anliarmonic oscillator. The model of an harmonic oscillator does 
not represent exactly the behavior of an actual molecule. In such a model 
the potential energy increases indefinitely with increasing internuclcar dis- 
tance (Fig, I-IO, curve 1). Experiment shows that when the internuclear 
distance becomes very large the attractive force Is zero and the potential 
energy becomes constant. This behavior is shown in curve 2, Fig. 1-10 , 
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On ih« other hand, infrared spectra of dintomic molecules show, along 
uilh strong bands corresponding to the transition An—1— 0 (called fundth 
menial), a number of additional bands (called operloncs). The frequency of 



f,a r. ZJO io /p 

r-W ^cm 

1 )f{ NO Putrntul iiinr ii[ an an- 

harmrtuir osnlialfM [1r>]. 


the overtones is two, three, four,., 
times larger than the fundamental 
trequency. They arise from transi- 
tions where Av=2, 3, 4,... Al- 
though their intensity is much lower 
than that of the fundamental, the first 
overtones have been detected experi- 
mentally by progressively increas- 
ing the gas-cell length to several 
meters at normal pressure. Figure 
Ml is n schematic spectrum of 
hydrogen ehloride. It can be seen 
that the iiiLensity of the overtones is 
murli smaller limn that of the fun- 
damental. Ihe distanee between 
bands is not rigorously constant; it 
decreases slightly with inrrcasmg 
irequeuc} . This runfirms the anhar- 
nionicity of molecular vibrations. 


bor the aitudl, potential-energ}' cune 2 in Fig. MO, there is no 
ngoious malheiiiatieal expression. In order to obtain a belter approximation 
one has to add a euhie or higher terms to the parabolic ruiiction of the har- 
monic oscillator. 




(1-17) 



1 ig 1 II bchrmaLii spnliuin ul liyiJiugeti ihlujuli. In 
icnlily inlcii'iitirs dmia^i muilt fnstri 


Equation (1-17) (wheie gives lurve 3 in l-’ig. 1-10. hi recent 
yeuis, elaborate computer woik resulted in vei> good approx imu lions for 
the potential energy ul .some diatomic muleuulcs. 



rNFR^MD snc rR^ oi ni^mMK mcxiculis 


4 J 

Although remamiug strictly periodic, thi motion ol the ouhuiaonK 
OMiillatoT does not hose a pun him fom CIaBsiull> i1 can lie reprcseniid 
as a supenmpositioii oI fundamental and os ci tone vibrations (Fouiier srnis) 

T- T,i sin 2itv,f-i-T„(l I cos 2c2v,0 \ Cg, sin 2itH* 1 (1 IM) 

ahen fgi j-gj 3p, are the amplitudes nf the fuiidimtiita) ind of Uu 
overtones Ihe sinalki the anharmoniritv (7<f) the smaller 11 ampli* 
tndcs of the oveitones (Tgg< rg|, nid lu^igi) Ilowevii, the important of 
the oseilouLS intrcascs nith incnasiiig amphtudi of Ihi fundamental Tg, 
(since igg iiid Tgj ire proporlioual to thi sqinre ind iiihi icspictivtlv 
ol T,i) 

Only for small amplitudis is the fnqutnc^ ol tin Mbrations given li> 
(I -J*)) It dcircasts 1 the implitudi 7g| increisis 

d Energy levels and speetruiii of the aiiliNrnioiiii oscillator. Jhetigui* 
V iluis obtiJiud from thi Schrtdingci iqiiilion li\ substituting (I-I7) as 
potriitiil eiurg) in givin bv 

/(h) hro |h /lilt i,|i ^1* /no ly^ji *j'-l (I 1‘0 

I hr V iliri/ioii il lirnis in 

r.fO Ogfo-, 'j t), r,[i I jJ'hivVr (« ')"f (I5IJ) 

The toiisliiit Ort(<vM ind Mfi/g<c>gTt Jliese ennshnls in uhiied In 
iiihiiiUsimal amplitudes ibuut thi equilibrium position (r) Sinn q is neiilv 
ihsivv pusitiM Ogre is tlwavs positive 0 ^ 1 / can hi posilivi or iiegitivi 
but it IS almost iln ivs lugligiliit At cording to tin turn (I 10) in in inlnr- 
innnir (sriHiliii llii si p 11 itinii b( Lnien iiiiigv Intis dniiisis si mis vsitli 
111(11 isiiiq vibiitiniiil qiiiiitiiiu nninlui 1 (I ig I lii/l Fli /iii imiiit 
cniii'v (1 0) IS 

( (fl) ^ t g (''*'■ I, 

\ 1 l 11 pl 1114 iiiteinitiuuil iiuLiliuiis 

()„ ( , Og 1 ^ ‘ ' V 

( „ro- 1 ,f (I) tfr (I-bi) 

2 

• gl/g • fl/ 

and rein ling thi (nil g> IiviUoitht inliirmunii usliHiLii tn Ihi ziio point 
iniigY (not to the utuil ziio inergy) om i in «iil( 

frgOO (|(h) OglgP f)g(/g 


( 151 ) 
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The .selection rule of the anhariuonic oscillator predicts, alon{{ villi tran- 
sitions \^here Av=J:l (the only ones allowed in the case of the harmonic 
oscillator), trau.sitions where ±2, ±3,.,. (Fig. I-12a). If all the mole- 
cules are in Ihe fundamental .state (vsO), all absorptions corresponding to 

quantum jumps Aa=l ,2,.. are possible. In this 
case the bands are characterized by the quantum 
numbers of the final and initial states; for exam- 
ple, the band 1 —0 is referred to as fundamental, 
the band 2—0 ns first overtone, etc. Given the 
anharmonicity, the frequencies of the bands 2—0, 
—4 3—0,... arc not exactly two. three,... times thc 
frequeiicy of the I— 0 band, but the differences 
—3 are very .small. 

If v' is the quantum number of the final 
.slate, term differences give uave numbers of 
the absorption bands occuring in the .spectrum 
— ; ol an anharinonic oscillator (Fig. I-12{)). 


( 0 ) 


V 

- 7 


-5 


v.f;(a')-C(0)=- Me') 

I w„r/„e' 


(I-Sl) 


(b) 


Thus the frequency of the nbsuiption bunds 
gnes directly the jtositions ol the energy levels 
ahose the loucst energy level (a— 0) (coiupan* 
I-.*)! with I-.53). It the cubic lerm in (1-!)1) 
is neglected, the se]inra1ion of t«u surce.ssive absorption bands is equal to 
the sepnralioii of the rorrc.sponding energy levels, 


1 1 (( 1 12 KnrrR\ l(S(h ul the 
aiiharnionir usrilliUdi. 


i/j -Me 1 ll-(«(i') M"’' U' M'') 

" 01, ~2io,..i P*~2i0p.i^a ~ C'jp.r|| '2tiig.ipc. 


(l-.V)) 


.Subtract mg lurtlier oeigbboriiig \abics obtained in (I-,').')), one oblains 
a lonstaiit \abie 


A'b I 12 - Affy j .) 2 ■■ Ati,i 12 • 2e»(j.r( — — 2b>gip. (1-Fib) 

I'lic conslaiils (,>« .r, and (upTy in (l-.’iR) are a iiiea.sure of the aiihar- 
monieity of the motion. The iiu-rease in anharmoiiieitv parallels the increase 
id the differenee in (l-.’iC).) The values ol the vibrational cuii-staiils u, and 
ipfp are then obtained trom (1-51) and (I-S.*!) if one knows the trequency 
of one band, for example the .strongest (1-U) band. 

v(l — U)— fi(l )— G(0)— (i'ii(l)~ 10 ,- 2ii)grf-- (Op- (opTp. (1-57) 

ISetler results are obtained if all observed bands are used and the most 
appropriate vulue.s selected. Experimental data olilained for some dintomie 
moleeule.s agree fully with the theoretical values. 
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The vibrational frequency ca may be also determined by using the rota- 
tional constants Hand JDc/. The smaller the (a, the larger the potential energy 
curve (1-37). This means that r increases more rapidly under the stronger 
influence of the centrifug.!! force. Consequently, the rotational constant Def is 
larger for smaller values of If the vibration is considered harmonic, the 
mathematical relation between the three constants is 

. 4 /}» 


The value thus obtained for co is ubMously much less accurate, since 
Ihc vibrational frequency is much larger than 11, which in turn is much larger 
than Def. 


.'{. Vibration-rnlalioii niolioii of dialomie iiiolerules 


a. The vihriiling rotator. Alter having described sejiaratcly the rotational 
and vibrational motion of a diatomic molecule, one must consider the actual 
cusewlieic liotli types of motion l.ske place simultaneously. The correspouding 
mechuuical model is the oibrntinq rohrfor, which could also be called the 
rutiilini/ Dfci/ln/oi. 

b. Kiiergy levels and speclnun of the vibrnliny rotator. I'lic permnneiiUv 
changing internuelenr distance during the motion ot the vibrating lolator 
implies a corresponding change ol the moment ot inertia and thus of the 
rotational eoiistniil 11. \ mean value ol (he rolatioiial eonstant 11, has lo 
he used in the vihiuliimul state considered. 


Jie-- 



(MJJ) 


when* 


is the mean value ol the ratio 1/j*. Siiirethe effect of the uiihar- 


monh vibration is aii increase in the mean inleruuclear distance, the values 
of the Dp is smaller thou in the rase ol the equilibrium distance (1-26). The 
value ol B* is given by 





(1-62) 


where Similnrlv, Ihe tot.atioiial eonstant Def is given by 


D, ’ J i, . . , (1-6.1) 

where 

Inlroduniig I he values ol the constants B, and /),. into (1-31), one obtains 
foi the lulational term in a qiven vihrnlionni ilaie, 


i'\(J)=B«J(J-l 1)-7),JV-H)®- ■ 


(1-64) 


• I 
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(' In this casr the teim T of the nihiating fotator is 

I F,(J)=C 0 ,[iH ij - U, T,[ fr+ 1 J‘-t- . . . (I^) 

1 7i,J(J+l)-D,JV 1 1)* . ■ ■ • 

The eneigy Ipm'Is ol the vibrating rotator aie given in Fig. 1-13. 

The selection lules toi rotational and vibrational transitions are appUeable 
to the vihiating rot itor. \lso, is now allowed. II a' and are quantum 




I If 1 1 J 1 nngy level', ol I hr Aib/ntiiif; 
rol Uoi |lrij 


1 iL, 111 lull sLiunure ol a luULiun 
liaml Thr sipaiation of \ itiiaLionil lev 
els K murh |.irgii conipaiul Lo tin 
srpaiation ol roULional hvils sho^n 
in the fi^uH 

(a) unci (k) sliu%v siheinAtii. Hpectru mill 
Jiul without alluHiuiL'r fur Ihi Interaction 
hetweeii Mbralion unit lolulioii [lu] 



nnmbois of the iinal stale .md v" niul /* qiunliini numbeis of the initial 
state, we obtain foi Ihe w.ivi‘ numbeis ol the lines ol a rotatioii-\ ibration 
band 


v-^r r.-G(v') I F,(/')- Giv") -1 ,{r), (!.(,,,> 

ror the/;H/( inlnalwml lintisilion OHlie \ ibiation Irequems 

- fi(n') Since the constant Wp is \eiy small, the eoirespondini 


terms can be neglected. Relation (1-66) can be written 

v-Vo-FBUV' f l)-fl;7V'+l). 


(I>66a) 


a INTRODUCTICW TO TIIL TlIFORY OI- INFRAWT) ^ECTKA 

Taking into account that A we can consider transitions «ith 

respect to a single quantum number J. For A J=+l we obtain 

v;E=vo+2B;+(3B;-B;v-i (b;- b;v*: j*o.i .... (i-c?) 

and for AJ— -1, 

vp-vo-(i^;^-B',v^ . (i-es) 

Theretnrc, the rotation-vibration Irnnd consists of two scries of lines called 
li and P branches, respectively. Tlulh in Ihe lower and the higher vil)rutionaI 
levels, the smallest value of J is zero. Consequently in the H branch, the 
smallest value of J” is zero, and in the P branch it is 1 (l''ig. 1-14). 

If one considers Bp—Ji (neglecting the interaction ut rolnlion 
and vibration), lelations (1-67) and (1-C8) con lu- svritten; 

vn^vo I 2/?H 2B./, (!-(')!») 

vp^vo 2BJ, ./--I, 2,... (1-70) 

\ihich shows lhat the rotation-vibration band is formed ol two senes of equi- 
distant lines: the fir.st one goes from v„ toward larger wa\e numbers forming 
brancli B and the second, toward smaller wave numbers forming liranch 
P. The spectrum eun'esponding to equations (I-C9) and (1-70), shown mKig. 1-1*1. 
IS in very good agreement with the experimental sperlrum. The interaction 
rotation-vibration (/f'v'iO results lu a slight lonsergenee ul lines. It D" ■ 
B',, the sparing of lines in the li branrh decreases uilh increasing Ire- 
quency. In the P branch the sparing increases (Fig, I-l la). The two blanches 
of the band ran lie expressed by a single equation 

v-v,-i (b; 1 fo «i . (/;;- b;) nr-, ( 1-71 1 

where rn is the running number of the lines. For the R liraiirli, m-^J ‘ I, 
and for the P branch, m = — J. In other words, the rotation-vibration baiiil 
can be represented by a single series of lines ior which the line eorrespondiiig 
to m^fl is missing. This line is called the zero line or band origin. It does 
not occur since a transition between two vibrational levels not areompanied 
by a cliange in ruLaLiunul level (A./=-0) is forbidden. 

Equation 1-71 is perlertly similar to Lbe empirical formula* 

v=r 1-d m-t f /n- (1-72) 

where r, d aud e arc ninstanls and m Is the same as m (1-7)). The rotational 
eoii.slants lip and H" can be determined directly Irom 

(1-73) 

e-B'p- B'p', 


Dehlandres, 1886 . 
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derived from (1-71) and (1-72). In the vicinity of the frequency vq, the differ- 
ence between and Bi' ib very small and (I-C9) and (1-70) are in good 
agreement with the observed si)ectra. Consequently, the separation of two 
successive lines in this region is ea. 2B. The convergence of lines increases 
with increasing difference Bf—B'J, i e. with increasing An. In other words, 
tlie eoiivergeiice is more oce'‘n1ui)teil for higher overtones. 



' Li _ I ,. L — I I I . .. I, I I ^ 

uw pm-f msm ' 


ifi. Ill liiliiUcd spuliiini (il liviliiiRi'n ihlitiulc 


ITii' iiil'itinn.il eonslnnli ran he also deLeimined using the separation of 
Ihe suci'cssive hues, (ni), und the inrre,isc of this separalion, A*v(m). 
\eHirdmg In (1-71), the sejiaration of tv\n suceessive hni s (n\ \ 1) and in is 

Av(m) v(m I I) v(h0 2B; . 2(B; B. )/». (1-71) 

and the iiuiuise of the hiparalion is 

AM« 0 --Av(in I 1 ) Av(m) - 2 ( 7 i;-B;) ( 1 - 7 .')) 

flhe second diJIerenro is roii'.tant. Us mean value gises salisfactoiv values ior 

2(B.; /g. 

The infrared spettium of hydrogen chloride (Fig, I-l.'i), lecorded with 
n high icsolulioii sjieetromelei , is in complete agreement with the Iheorctieal 
Uat.i. Table 1-3 shoiss the observed lieqoeiuies, llic separation of sureessise 
lilies Av (ni), and lhi‘ values A^v(/ji). 

1 . Till* syiuinelrie (op. In ordei to liiul a si ill lieltei model foi the study 
®1 inlrared spi-ilra of diatomic lunUaules, we liimlly have to consider the 
'^oLalion about Liu iiiteiiuu iiar ums (the ligiire a\is). In all pievioub examples 
we neglecled the iiiomrnl o/ tnc/Iin lesullmg lioni Ihe revolution of elertroiis 
hhoul the nuelei. Since the lUiiss ol the i lei lion is extiiiuel) small, this 
'tnonieut is \nj small, but il is not ixattly /.eio. 

The new lundel (Fig. f-lb) in which two ol the thiee mninenth ol inertia 
•re equal is called the s^mmeLiic lo]i. lii eoalrabl to the inoiueiits of inertia, 
the rorresponding angular moiueiiLa are of Ihe same order of magnitude since 
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Table /-3 Flue itracture el the eleerptlon bind of BP^Cl it RM em*^ 


Av(m) A^m) '^obs^'^CBlc** 

in cm"^ cm"' cm"' cm"' cm*"' 


12 

3085.02 

12.86 


3.52 

+ 0.31 

11 

3072.70 

13.69 

0.83 

2.78 

4 0 17 

10 

3059.07 

14.19 

0 50 

2.26 

-0.04 

g 

3044.88 

14.02 

0.73 

1.G4 

-0.02 

8 

3029.90 

15.67 

0.75 

1.14 

0 

7 

3014.20 

16.51 

0.84 

0.78 

-0.02 

6 

2907.78 

16.88 

0.37 

0.6(> 

-0.18 

5 

2080.00 

17.06 

0 78 

0.36 

-0.08 

4 

2063.24 

18.43 

0.77 

0.11 

- 0 03 

3 

2914.89 

19.03 

0 ')l) 

0.00 

0 01 

2 

2925.78 

10.35 

0,60 

0 00 

-» 0 04 

1 

2906.25 


0 50 

■i 0.08 

4 {)M 

U 






-1 

2865.09 

21.53 


\ 0.07 

1 0 07 

^2 

2843.56 

22.07 

-0.54 

4 0.03 

j 0.01 

-n 

2821 4.0 

22.71 

-O.Cl 

+ 0.05 

-0.01 

-4 

2798 78 

22.00 

-0 28 

-1 0,04 

- 0 10 

-5 

2775.70 

23.76 

-0 77 

-1 0.36 

1-0 08 

-0 

2752.03 

24.28 

- 0.52 

i 0 49 

4 0.03 

-7 

2727 75 

24 G9 

- 0 41 

j 0.75 

-0.01 

-8 

2703.00 

25.33 

-U.b4 

H.17 

4 0.03 

-9 

2077.73 

25.76 

-0 13 

+1.60 

-0.02 

-10 

2051 .97 

26.23 

-0.47 

+ 2 18 

-o.ni 

-It 

2625.71 

2b.71 

-0 51 

4 2 90 

- 0.05 

-12 

2500.00 



+ 3.71 

_ 

« 

Calculated from (I-72);v- 2885.90 +20.377 m-0.3034 m*. 



Calculated from;: 

V-2BB6.90+20.577 m 

—0.3034 m* 

-0.00222 Jii>. 
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I the high revolutionary velocity of the electrons compensates for the mass 
' difference. Because of the an|/u for /nomenhimo^fAeriecfrons, tiiedirectUm of the 
hial (ingularmomentum is not at right angles to the intcrnuclear axis (Fig. 1-17). 
The deviation increases with the angular momentum of the electrons A, i. e. 
with the quantum number A of the angular momentum of the electrons about the 
inlernueicar axis. The total angular momentum J coincides with the component 
\ (the angular momentum of the rotation of the nuclei) only when A=^0« 


>4 


Fig. I 10 Tlie syuiniPli !<■ (tip. 


I'lg. 1-17 Vrrlor dmgrunt 
for Lite tyinroetric top. 
The dolled part Miuwstbe 
dlicrtion of the vectors 
wlipii the sense of the an- 
gular muinenliim of the 
eletruiis \ isieveised [lo). 



The curved arrow in the figure indicates the sense of lolatiun ol the internii- 
clear axis at n constant angle about the vector J. This motion is culled nuln- 
lion . Very olLcn it is inisluken for precession, wliich is the motion of an angu- 
lar mnniciitum vector under the influence of a force. It is obvious Lliat J is 
always larger than A. The quantum number J ran then take the valnes A, 
A-|-l, A-|-2,... 

The term of the symmetric top is 

F{J)r~BJiJ-\ I) F (A-BW, (I-7G) 

where 

A- - " - and B- - " (1-77) 

Hrr-’ tin 

1 4 and In are moments ol inertia about the inlernuclear axis and about an 
a\is pcrpt'iidicular to the internucleRr axis, respeclively. Since 1/ is very 
small, A is niueh larger than li. The quantum numlier A can take only inte- 
gral values which are generally small; obviously, fur u given electronic state 
it is constant. Consequently, the energy levels of the sjiumelric (rigid) top 
are the same as those of the rigid rotator except that there is a constant 
shift toward higher values by (.4— JJ)A®. Levels with J smaller than A are 
absent, since J cannot take these vulues (Fig. I-IR). Each energy level in 
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Fig. MS actually represents a super imposition of two equal energy states 
corresponding to the two senses of the angular momentum vector of the elec> 
trons in tlie direction of the internuclear axis. These states, corresponding 
to the same level, are called doubly deyeneraie. 

If we omit the rigidity condition and take into account the simultaneity 
of rotation and vibration motions, the spectral term for the vibrating symme- 

1 1) I (/I n,)\‘ i)“-i-... (i-78) 

The seleelion rules of the synunotric lop are given by 

\-(). A./ 11, (1-79) 

and for 

(1-80) 

Conditions in (1-79) are the same as loi the vibiating rolii- 
lor. In (1-80), in addition to the. I{ and P branches due to 
transitions A./- | I and - 1, respectively, there ,'ilso appears 
a third hraneii, (1, due to the now allowed ti.iiisilions A./- 0. 
The line frequency in the Q branch is giseii b\ 

Subslilulion of (1-7C) with W, and /J, inslead ol /i giu"’ 

vc.--v«'(«;' /O V '(K- (i-k2) 

Since in the intrared Ji, ditters very little Irom Hi', the lines ol the 
p branch give rise to a single stiungrr nbhurptioii around the position Vg, 
which in the ease A 0 does not occur. With the \iell-kuown exception of NO, 
the inlinred spectra ol all the dialoniir niolerules studied u]) to the present 
time show only P and U branches, vihirh slioiss that in these molecules the 
luotions oi electrons do nut generate an angular momentum about the iiiler- 
luiclear axis. Nitrogen oxide is the only lieteroiiuclear diatomic molecule that 
has ail unshared eleclroii in the ground state. This electron gises rise to the 
angular momentum resulting in the oceurrence of the P branrli in its infrared 
spectrum. 

1. Iiilcuiiily dislribuliou in rolation-vibrni ion bands 

The lacLors rlelermiuing the intensity ot an absorplion band are the tran- 
sit inn probability, the frequency of the absorbed radiation, and the number 
of molecules in the initial slate. Two ini crest iiig observations can be made 
by studying the distribution of line inleusities in the rotation-vibration band 
of the infrared spectrum of hydrogen chloride recorded al different temper- 
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aturcs (see Fig. 1-10). On one hand the band origin Vg remains the same and on 
Ihc other, the shape of the band changes with rising temperature. The intensity 
of the lines close to the origin decreases, wlicrcas the intensity of the outward 
lines increases The result is the flattening and broadening of the band while 
its initial integrated urea remains constant. These observations show that the 
increase in thermal motion, although fairly large, does not affect the vibra- 
tional state; the majority of molecules remain in the fundamental state (os^O). 
However, the lliermal energy is large enough 
to change the lutationul stale of Lhe mole- 
cules, i. e., their distribution in flic various 
rotational levels. With increasing tempera- 
ture, the higher rotational levels an' occupied 
at the expense of the lower levels. Thus in- 
creased intensity of the outward lines is due 
to the increase in population of the corres- 
ponding initial levels, i. c., to a larger num- 
ber of inolccules undergoing the corresponding 
quantum jump. The iiilensjty (integrated 
area) of the band remains the same since only 
lhe dislrihutioii of llie molecules m surioiis 
levels is mod died, Mihereas lhi‘jr lolal num- 
ber (i. e. the total nunibei of liausilioiis) 
lemuins michaiiged. 

The number of mnliiules in a certain vihralmnal slate is given by the 
elassKal e\prcssujii ol the Max'vsell-Boltiniann iiile: 

vhore diVi, is the number of moliTules lhal base an energy bel^^len E and 
dll', A is Bollzmaiin’s (onstiuil, and T, the absolute temperature. Using the 
(luaiiliim meclianical expression lor the Mbral ion energy, the iuiirtion 
bet nines f' The exponential du lease of tlie number of molecules 
111 higher Mbralioiial slates (o, (I) is so last that under normal cmirlitiuns 
one min tnnsider pniLtiraily all the iiinietules as lieing in the fundamental 
\ ibiahnnal slate (a = 0). 

The mimber ul moleeules Nj iii a lolation.il .slate ./ tOLrespoiidiiig In 
the initial sihiational .slate is propnilumal to {2J \ Sinre 

lhe lactor 2J [ 1 increases liiiearlv nilli the number of molecules in sarious 
rotational slates does not derie.ise \Mlh iiiereasing rotati mal quantum number 
from the very begiiiiiiiig; it fust rent lies a ma\inmm. The value of J corres- 
poiuling to lliis maximum risis ^Mlh iiieri a sing temperature and di creasing 
rotational coiislanl B. These Iheorelical observations are in agreement with 
experimental results, l^'or hydrogen ililondeat normal temperature (Figs. 1-15 
and I-ID), the niaximum mlensity line loriespoiids lo ^Vlth increasing 
temperature, the maximum shifts tmvaid positions rorres]ioii(liiig to higher 
J values. 
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5. Isotope ottect 

111 infrared spectra of molecules in which one or both atoms are replaced 
by isotopes, the absorption lines are obviously shifted with respect to the uor- 
mal positions. These shifts are due exclusively to the mass effect (the lOTce 
constant k determined by electronic motions does not change, since the elec- 
tronic structure of isotopes is identical). In the following equations, the super- 
script (i) refers to parameters corresponding to the heavier isotope. Ilie ratio 
of vibrational frequencies (1-36) is given by 

^=|/|;=p. (.^) 

Obviously, the “heavier” molecule has the smaller frequency. Equation 
(1-22) shows that the isotope effect is much stronger when a lighter atom 
is replaced by its heavier isotope. By substituting (1-8.3) into (1-44), one finds 

«=“("+ i) 

for the "uonnal” molecule, and 

1- ' j (i-Mj 

for the isotopic molecule. Taking into account the anhannonicity ui the vibra- 
tions, the spectral terms are given by: 

G(o) = wJp f — I -(j)eXe|o+-ir -i-..., 

^ ^ ^ \ ^ -3 

0'<''(i')^pW(- 1‘’+ Y j |p i yI* -|-p®WrVf yI” -f ... . 

Consequently, 

(.i',"— pi>V, p'-*Wrrr, • (1-86) 

The energy levels of the heavier isotope are lower than in the normal 
molecule; the difference i.s more obvious at higher vibrational levels (Fig. 1-20). 

In rotation the heavier isotope reduce,$ the value of the constant B (p is 
always smaller than unity). The corre.spondiiig energy levels are here, too, 
lower than in the “normal’’ molecule (Fig. 1-21). 

F-BJ(./4-l) 

/.’«•)= fid) j(j+i)= p2 ID. (1-87) 

As a first approximation, one can consider that in the rotation-vibration 
motion the isotope effect i.s the sum of the rotation and vibration isotope 
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effects described above. In this case not only band frequencies, but also sepa- 
rations of lines are altered. Sinre rotations and vibrations differ in energy, 
the isotope vibrational shifts are actually much larger. 

The isotope effect was first observed in the hydrogen chloride molecule. 
The doubling of lines in the infrared spectrum shown in Fig, 1-15 is due to 
the isotope ^^Cl present in the molecule of ordinary hydrogen chloride in a 
ca. 25% ratio. The lower intensity line in each doublet corresponds to the 
heavier isotope with a lower vibrational frequency. The pattern of tliis spec- 
trum results from the .superimposition of rutatiou-vil)ralion spectra of ^II**Cl 
and ^H’^Cl (Fig. 1-22). Figure 1-23 shows the schematic i.sDtopic shift in the 
pair 

in“'Cl-*H»‘CI[3.4G5lp(2885.9 cm"’) 4.78 p (2092 cm-i)]. 
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The malhenialical treutmeiil of infrared sperlia of polyaloiuic moli'cnles 
is much more criinplicaled than that of diatomic innlecules since llie numiier 
ol degrees of freedom increases wilh the number of atom'-. \ i omiilelc analysis 
of infrared speefra of organic molerules has lieeii pcrfoiiued lor only a very 
small number of simple cases. 

Pure rolntioiuil spectra of polyatomic molecules practically hclong In the 
microwave region. Currciil (Iclerminatioiis in the infrared deal nilli vilira- 
tioiial and viliratiunnl-iutatioiinl spectra (in cases where the fine slriiitinc 
of baiid.s can be observed). Calculalion ol vdiratioiml ticqucnc) is practicallv 
iinpossibli*, even for relatively siinjile molecules. l''or Ibis rcnsoii infrared spcc- 
Iroscopy applied lo orgniue elieinistrv’ is lor llie moment mainJy eiii|>iiieal 
in natuie. Ilovever, im])orLanl inionualion can be obtained by eoirelaliiig 
theoretical and experimental data, eoueeriiing on one hand the close rela- 
tionsliip between molecular svinmefry and the number of bauds aelise in 
the infrared and on the other hand, the relationship betweeu the shape of 
rotation-vibration bands and molecular synimelrv. 

The activity ol ndalioii and vibration bands in the infrared is deter- 
mined bythe simultaneous change in dipole moment. As a simple we discuss 
the linear trlatomic ninleculc ol carbon dioxide. 

Figure 1-21(1 shows in a eonventioiial way the e(|uilibrium position of 
each atom. The centers of gravity of the positive and negative charges coincide 

(j*=:0,) J.C., tho lUpolo moment (A/--P. /) is z^ro. Lines b and c show the 
extreme positions of the lolally symmetric vibrnlion Vj. In Ihis oibuilion mode 
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the centers of gravity of the electric charges coincide at all iiines and the 
dipole moment does not change. Consequently, vibration v, is inactive in the 
infrared. II is called the symmetric sirefehiny because the vibrations of the 
onygen atoms are symmetric with respect to the central carbon atom and 
move along the lines of the valence bonds. Vibration Vg (Fig. I*24a and e) 
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J 1 ^ 1 Jl NilifaliitJi idikU ^ Ilf lilt (iiiliiMi ili<i\jiU inuluiijf 
^ laibun alum; • iiw^ni alum; fnr tlu v,/, mottc lli( sipi I ^hoT^s ilip shin of llir 
iilnni ithoM till )il me nf Ihr .mil Uu si|{n‘ fiulitalrs Ihf UlIoai lhi«. plane 


*s an usiiwmi luc slulrhiini vihiahon. AMiile one o\ygeu alniii appiuartu's 
the carbon ulnm, the oihei uxsgvn nlum departs. The size and direrlion of 
ihe dipole moment that arises as a lesult ol this motion aie given by the 
extreme positiuns ui the eeuteis of gi.iMh oi the eltelnc charges. Thus the 
asymmetric stretching Mliratuni ol the COg moleiule is luhve in Ike infiared 
liecausc It gives rise to a rhaiiging dipole moment. Tli“ difoitnulioii vibntlion 
Via (ill the plane of the paper) iiisulves the alteration ol the OCO angle 
(Fig. 1-21/' and g). (living rise to a eliangiiig dipole moinenl, this vibration 
mode is also .uTivc in Ihu mlrnred. The moleeule ran viliratc in the same fash- 
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ion ill a plane perpendicular lo Ihc plane ol the paper (vat). Obviously, the 
vibration frequency and the change in dipole moment are the same. Con- 
sequently, a single band arising from both vibration modes occurs iu the 
infrared. These two vibration modes having the same frequency are called 
doubly degeneratf. Thus the carbon dioxide molecule has four possible vibra- 



v> (im ') 


t ii; 1 .2 1 Schinulu inli.iiid <.|i(iliiiiii (tl larboii iliriMilc 

tioiial modes, two ol uliiih and 2i,) aie doitbli/ dir/criMfife. Vibrutiuus Vj 
and vj give rise lo a \arial)li‘ dipoK- iiinmeiiL and arc ai/wf iii the infrared. 
The symmetric slrelrhiiig is iimilive in ilir infiarcd. 

Figure 1-25 shows llic sclieiivilic iniriiii'd s|)i-ctiiiiu of carbon dioxide 
and the vibralion modes corre.spondiiig lo the absorption bauds and their 
frequencies. 

In the case of lutally as;ymmetric luoleiules, all llic xibiulion modes are 
active in the infriircd. Tliese molecules do not have degenerate vibration 
modes. Conversely, pol^ atomic molecules willi high symmetry have more 
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ilcflenotate vibrational modeb and fewer vibrations active in the infrared. In 
other words, the higher the symmetry of a molecule, the simpler its infrared 
spectrum. This correlation is of great practical value. The recorded infrared 
spectrum can give valuable information regarding the structure of the molecule 
without implying the knowledge of interatomic distances and bond strength 
or of rotational and vibrational frequencies. 

Thus it is very important to find a mathematicul correlation between 
the symmetry of the molecule and the infrared activity of its vibrational modes, 
llierc is n simple method which enables one to determine the number of 
artipt uibratiom and selection rules in the infrared for a molecule of given 
symmetry. This method docs not involve a detailed mathematical treat* 
ment (group theory). It is described briefly below, along with the discussion 
of rotation and viltration spectra of polyatomic molecules. 

The first step is to establish the symmetry elements and operations which 
determine the point group of the actual molecule. 

1. Holovulur Syiiimolry 

ii. .Syninirlryplnneiits and bpimietrynperai ions. Nuclei ol atoms form* 
mg a given molecule may be oriented in spare in siieli a way as to show some 
common geometric properties uilh respect to various symmclry elements 
(axis, plane, etc.) of that molecule. In order to describe these properties i\c 
use tile examples given in Fig. 1-26. 

In Fig. 1-20 a. all the atoms in the molecule A' V, lie in a plane (Oj). The 
leflerlion of the atoms at the plane bisecting the angle VXy-perpendirular 
to o, dues not alter the configuration and the properties of the system. 
The jilanc (oj) is a igmmelnj tlrmenl of the molerule AV*. It is called a 
plane of sjjmmetig. The reflection of flic molecule at the plane of symmetry 
nitlioul ciiange ol cunfiguratioii is called a syninielry nperafioii, ii i.s alsn 
lalieled a.. In the given example, Oj is the second plane of symmelrj of the 
molerule. 

The niolerule ,\V’j also lias .in «n’v of \iimincliij (j^ <<iliialed .il llie inlei- 
Mdion of planes (wj) and (tr,). The syiiimcliy operalioo corresponding lo 
a symmetry axis Cp is the rotation of the molecule about the axis by an angle 
to olitain an identical configuration. The same result is ubiained 
if this operation is carried out t^o, three, ... n times m succe.ssiou; in oilier 
isords, it the moleeule rotates about the axis by 360 n/p degrees, inhere 

n--l,2, 3 p— 1. The eorre.spoiuling operations aie called Cp, 

(f.'p)’'’ The symbol C .suggests the eijelie nature ot the operation. Of prac- 
tical value are only rases where p 2, 3, 1, fi, 6 and oo. The latter is the 
case of linear molecules (Fig. l-2(i g. A) which can rotate about the axis 
C,a by an infinity of angles without altering its configuration. Any axis 
ol symmetry necessarily passes through the center of gravity. If there are 
several axes of symmelrs , they meet in this leolei. The planes lontaining 
tile higliesL-told axis are I'lilled op (vertical). The planes peipendiculai to 
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this axis arc called 0 ^ (horizontal ), If the planes oi a\es ot aymmetry are 
defined by the axes of coordinates X, Y, Z they are called a^jf, ntv 
Cpi, etc. Generally, the highest-fold axis coincides ^ith the z axis of the 
s\ stem. 

The molecule YgY^ (Fig. I-2(i b) has three mutually perpendicular sym^ 
nietry axes C^, two planes of sjramctrj’ a^, and one plane of symmetry oj. 



If a Line is diaisn fiom eiuh atom llunugh the inteisciLion i of the three 
axes Cj and continued, it «i1l meet an equal atom at the same distance from 
the point I I)ul on llic opposite side. The point i is i ailed a irnfii of sym- 
militj. The corresponding sjmmitiy operation is the lellettion of the atoms 
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^at the ceoter of symmetry, called invmion. A molecule can have only one 
center of symmetry. All the atoms of a molecule having a center of symmetry 
occur in pairs except for the atom situated at the center of symmetry (if 
the molecule has such an atom). 

The molecule (Fig. I- 2 C r) has a jilaiie of symmetry o* per- 

pendicular to the axis C, and a center of symmetry i. II such a molecule 
would rotate by 180” about one of the 5, axes, it would not be transformed 
into itself. For this to oeriir, rotation has to be followed by reflection at a 
plane perpendicular to the axis A',. It is obvious that the operation Sg has 
the same effect as inversion. Any molecule with a Cp axis and a plane oa 
perpendicular to Cp must have on Sp axis. However, the exi.stence of an Sp 
axis does not necessarily imply the existence of a p-fold axis of symmetry 
except when p is odd. If p is even, Sp requires the existence of a p/ 2 -fold 
axis of symmetry; lor example, the molecule Xy 4 (Fig. 1-26(0 an Sg and 
a Cg axis but does not have a Cg axis. Conversely, the planar molecule XYg 
(b'ig. I-26e) has a three-fold rotation-reflection axis and at the same time 
a Cj, axis and a plane oa. If in the molecule represented in Fig. I- 2 Gf the 
atoms y were alternately above and below the plane formed by the six atoms 
A', they would have an Sg uxis, but no longer a Cg axis. 

The last symmetry element is the idenlitg 1. The corresponding opera- 
tion is to Ifuiie the niolenile imclumged, i.e., lo leave unchanged both the 
coiiiiguralion and the alomtr coordiiiales. Obviously, the identity is not a 
Irue symmetry operation and is applicable to all molecules no matter how 
nusynimetrical they are. It has been introduced lor mathematical reasons. 

In general if two symmetiy' operations aie perl ormed in succession, the 
result is the same ns if another po.ssible operation had been performed; tor 
example, in the molecule ATj (Fig. I-2Bf), (C 3 )® I. If we label the y atoms 
by y^, y^, and y, and the planes rontaining these atoms by Og, ag, and 
Or (Fig. I-27n) aiul carry out the operation cr, twice, the result would be 
equivalent to the operation /. 'Thus (oa)‘- /. In the given example, other 
etpiulities are possible as well, for example, OftCj- (jf or (C,)*=(C,)"^. Mathe- 
matically, a number of symmetry operations surh that LIu' product of any 
two IS again one of them is ealled a group. 

There is an almost perlcet analogy between iiroducts of symmetry' opera- 
tions and algebraic ]>roducts. The diflerenre is that the order in which 
symmetry operations are carried mil is generally important. Thus if the 
product ojCj- Of (see above), then (see Fig. 1-27). 

For any symmetry operation R bringing the molecule from position 1 
into position 2 , there is u reverse operation bringing the molecule 
from position 2 back into position 1. In other words, RR~^ Since 7, 

RRr^=‘Rr'^R. The revme ol an operation may be the uperatioii itself 
(e.g., in Fig. I~27a, the reverse of operation cj is also (t^), or it may he 
another operation (e.g., in the same figure, the nuerse ol operation Cg is 
(Cs)®). 

All possible symmetry operations in a molecule form a group of sgmmetry 
operations. They have the following properties: 
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1. The product of tmo or several operations is equivalent to one of them. 

2. The set alwa^ has an identity 

3. The product of tm or several operations obeys the association rule of 
multiplication 

4. Each symmetry operation within the group has a corresponding reverse 
operation. 



(oi) m-oc) 



(Cj) 0 < 5.(5 

(d) (e) 


Fig 1-27 Tbi molKUlp X ) , 

(a) btfDrf earning out Kvmnirlry operations; (ft), fc), (tf). 
and ^r) iltii ( iirylngout o|Hiittions o^, G. mill CtOf,. 

The tabic shows the grouj) of possible symmetry operations foi the mole- 
cule represented m Fig. I-2()a. 
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' The group properties can he easily cheeked 
!• etc* 

2. lie group has the identity operation 1. 

1. 

b. Point groups. The number o( symmetry operntums m a molecule 
depends on the number and ordei oi Uie existing S'^mmetry elements. The 
larger their numbei, the moK sjmmetnr the molecule As shown above, on one 
hand, some symmetiy ehments imply the existent e ol utheis and on the 
other hand, under certain ciKiimstames some elements oxiludc otliers. Con- 
sequently. only a limited number of combinations ol elements oi of symmetry 
operations is possible in a molecule. A combination of possible opeiations 
that leaves al least one point of the molecule (the centei oi gravity) unchan- 
ged IS called a point group. In a maUirmalital stme the point group is a 
group, Since it implies sjmmetiy operations wliuh in themselves form a 
group by respecting the mathematical conditions mentioned above. Group 
theory shows that there is oiilv a limited number of point groups. This is 
imporlanl since it enables the ilamfitalion of nnlhum of oiganic molrrula 
in a relahuflg small numbei of gioups diprnding on the number and naluie of 
Ihfir iymmelrg elemenh The uomenclaiure used in molitular speclroscopv 
for puinl groups is Ibc same as that piuposed by A. M. Schonlliess in crys- 
1 illography*. Table 1-4 shows the main point gioiips of organic molecules**. 

The simplest giuu]i, ('i contains loLallv nsymmetru molecules; tlieii 
onl> sjmnictrv element is identity 

Moleeules having only an axis ol symmetii belong to the ryilu point 
gioup C,. The curiisponding opei.ilions are /, ( ,,, {CpY, .... 

If, in addition, to the mam axis of symnntry C.p, the molecule has a 
number p of axes pirpcndieulai to the axis Cp, it belongs to the dihedral 
point group Df. Ot is generally called V (for thi German word Vierergruppe). 

It, in adLtion the molecule has a plane a/, at right angles to the axis 
( fi. the corresponding point group is Obviously , en requires an axis Sp. 
llus group also implies the existence of p axes C^. If p is even, a center 
of svmmetry i occurs along wiUi the axis Sp. llts called Vk. 

It the molecule has a plane a/, perpendicular to an axis Cp, and it there 
IS an axis Sp, the mulerulc belongs the point group Cpk. When /»=1, the 
possible operations are 1 and a^. The group Cu is railed (1, 

II in addition to the axis Cj, the moleenle hasp vertical planes of symme- 
try going through Cp, the new group derived from Cp is called rp^. Cit-~ 
«is -C,. 

* IJniJkt moJfCiilfSp ii>snis L ni hj\c oiil\ 1,2, I iiid 0 fold axis anil tn* 
prtiludid) (aouhtipipiitly in tiyslallnpraphy, Uuu ait unlv S2 point gioiips loirisponding to J 
ffat&Psof (lyslals Not all iiysLillogiaphii point gionps uk inrouiitcud in moltiuJar sliiK 
tureSi and not all molcLUloi point gioups orr tncountiud in crysUllogiaphy 

** In order to avoid Lonfusioii Milh symnuiry elinunlh and opiralions tlie lymbol of 
each point group U pj inted in heavy type 
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Table 1-4 The meet liii|N»rUnf groups* 


Symmetry elementi 


I^inl group 



0 

/ 

Examples 


(f-\) 

_ 

_ 


CHFCIBr, »PCt tluOll mole- 




cule vrilh asym. C. 



- 

-- 

— 

11(0, nonplanor (Fig. l-2li a). 






CJIIC-C-CHCI 


^' 1 -' 

- 



[HjC- ( 4 CI 2 partially rotated] 


3 Cj L 

“ 

- 

- 

[IT^G-CIT, uonpjannrj 


3 ^-2 1 ^ 3 ^ 



— 

[Cglla part lolly rotated] 



S^r 

- 

I 

ClBrlir.-CHnrCl (anli) 





(Fig. 1-28 b) 


(('».) 



“ 



- 


fT 


II 2 C-CIICI. C 4 HiEr 4 

(S) («k) 





(Fig. 1-28 g) 


^'2* 

(•S’s’) 

tTh 

i 

trani- CIIIC-CHCI (Fig. 

1-26 r)antt-trirycii>octadiriie 






(r.,H,) (Fig. 1-42) 
(:4lI,Ur4(Pig. 1-28 A) 



(L'j*) 

fr/i 


('.'(XHj), (Fig. J-28f). 

1,3, :),-r.,II,(CH,), 




2 (7|i 


GllgCIs sj/n trieyrlooitridleiie 






(c,n.) 

'st 



3 CTi- 


C 11 C 1 ,. r.iijCi, Ml,. 






II 3 C - GGI 3 


^'4/ 


t n, 


Cal^Hri J-28 1 /) 




ii ffv 


[GbM^ with Gg and II 4 m dil- 





fereiit planes] 

t- , 


-- 

r* np 

- 

IICN (Fig. 1-26 i;),UC:=:C(:i. 






GOS 


3 CjJ 

- 

3 fTti 1 . 

I 

HgG Cllg (Fig. 1-26 b) 

«lh 

Cgs, JjCj X ^ 'ae 

- 

lift, 3ai 

— 

lU:i, (lig. 1-26 f); Call* 




(eclipsed); 1 , 3, G-GalljCIj 

•‘fl, 

^4*, 4 C 2 X 

(‘‘•' 44 ) 

(rn, ^<rp 

i 

planar cyelobulums cyclo- 





bnln diene 


^^ar» »>^'a A ^^2 

(fi'r) 

fTft,'pf7|, 

- 

planar syni. ryclnpenlane 

«.h 

1 ^‘‘ 0 ^ 

(St,) 

(T/i, firTt* 

r 

Hen/cne; GjGJj 



(iS'ru) 


1 

COa (Fig, I 26 ^ 1 ); Galla 


2(\ J 

A’l* 

2 aj 

— 

G 4 H 4 Br 4 (Fig. 1-28 e): 




II 4 C- C-Clla 

"w (s,,) 

3C,.l 

*‘‘4 4 

3 rrfi 

1 

CJl* staggered; cyclohexane 

Ww(Shv) 

(\. 4r;, L f:«(f:,) 

.v»if:4^ 

4 f7cl 


(nrlagun crown) 

T 

tf:„ 3Cj 1 . 


- 

- 

G(Glla )4 asyinnieli ir 






(Fig. 1-2!) fl) 

I’d 

4(:„ 3r.', 1 

3.S4(f',) 

(i fT 

- 

Gn 4 (I'ig. 1-20 iO; F.CI 4 ; F 4 : 





CtClIs)! symmetric 

'’h 

3^4 .1 4r, 


3 CTft J 

1 

(Uibatie (Fig. 1 29 r); SF* 


3C,(C4). fiC, 


^Op 


^IFlGler _ 


* Ihc sign L sho^vs Lliat elnuriiU of the same kind ot dilfmnt elements are perpen- 
dleulai (3C, X) or (3 CgX Configuralluns in brackets are improbable. 
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A JiwIfcuJp that has oiiK an 5> axis, in whiih p is oven, belongs to 
I he point group S,. The operations assoeiatecl wilh this gtoup are /, S„, 
... n p IS ofliJ, Np^Cpii. J1 p 2, Ihe point gi'oup iiupiies 

operations / and i This group is otti-n lalieled Cj. 

The point gionp 1>,| is deiived from the group Dp 1)> adding p vertiral 
planes of symraetrj Inseiting the angles betveen lino suiee sive Cp axes. 
The diagonal iil.mes a,, pass through the axis Cp. When p-2, the group is 
enlied \i. 

The poiiil gioups mentioned above h.ive a single axis Cj,(p= 1, 2,3, 
I, 5, (5, 01 (>ui) 01 ditferent ( oinbinations ot ( ^ axes ju'ipendieulai to Cp as 
well as plains (t,, o*. or o,,, these groups art gtiieinlly known as axial point 
(Itoiips. The majority of moleeules (extepi Ihttse with a central atom CH,, 
SI',,) lielnng to these groups I'lguie 1-28 shows some examples. 


(Sp C|) 

(d) (b) 


A 

\ 

(Ctd) 

(g) 

sumps 

(iroups with sexeial lughei-told .ixts nl symmcti> aie called ttibie point 
;ioups Inciiusi the> lorm thi tuliii civstilluie systems 
The first cubic group is tin lilialudial poiiil group T, a molecule beloiignig 
0 this group has loui tj axis ,il angles ol 10y''28'l(i* and Ihiee imitu.illy 
perpendicular C, axes (see T.ibh l-J) 
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The point ({roup Ti also implies n plane of symmetry (joing through 
each ])air of C'g axes (a total of six planes). 

The octahedral point group 0 comprises molecules with three mutually 
pcrpniilicular axes C^ and four axes fJ, oriented exactly the same way as 

the axes Cj and C, in group T. These sym- 
/ metry elements imply the presence of nine 

y o n f f'i' three of which coincide with the 

^‘4* 

° \ molecule having][a center of symme- 
\ /feVo o *** addition to the elements of the group 

^\ / belongs to the point group Oh* Such a mol- 

/ r ccule implies, besides the nine C, axes, nine 

o— planes of symmetry and three axes S^ coin* 
(gy\^ ciding with the axes C*. 

, ' Figure 1-29 shows schematically three 

A molecules belonging to cubic point groups. 

. /^\ / Table 1-1 shows the symmetry elements ol 

\ //I / the most important point groups in studies 

/V I of molecular structure. 


2 . Holuliun of polyatomic inolonileH. 
Rolulioii spectra 


BfES 


As in the ease ol diatomic molecules, 
1 lie*os,sential factor determining the rota- 
tion .spectra of polyntnmic molecules is the 
0 moment nj inertia about the thiee main rircs 
^ .1, B, C (Fig. I-l(i). In symmetric mole- 

cules, the axes of symmetry are ahvuys the 
. principal axes, and tlie planes of symmetiy 
aie perpendicular to the principal axes. 

) ' In the simplest ease of linear polyatom- 

, 1 ic molecules (IlCN, CJIo, etc.) only one 

pniiii groups: ol the three (irmcipnl moments ol inertia / 1, 

(a)npnpnii.mi>,(S)ineUiBne.(r)iiiiinnr |i»]. /jj, Ip IS taken iiilo ronslderation, namely 

hi- 

The rotational energy of such a syslem is given by 


Bn* la 

which is simil.'ir to (1-24), where JsO, 1, 2, ... and 

/B=Vni,rJ. 


(I-R8) 


INFRARUJ SPKIRA (M TH)I>A10MK MOltXl’im «7 

111 tbu (‘qiiatioii, wi are the utoniic masses at a distanre rj from ttie 
renter of gravity (from the avis ut lotatioiO. 

The frequeney of the rotaMoiial transition i 1 is 

V /(./II) /-(./)- 2 //(J I 1). (1-89) 

The rotnlioiiiil spedrum of line.u polyntumir molerules consists of a 
number of equiiiistnnt lines. 'Iheir siparation (iii inr*) gi\os the salue of 
/b. 11 one also takes iiilo (oiisulerntioii the rnitnfiighl loree, then 

v-2if(./^J) l/>rr(./|l)\ (I-%) 

wlieie //f^ IS miuh siinllii ih.iii if. him .u polyatomic moleeulcs may belong 
to Ihe point groups (1 « and I)o,| (sec I’lg I-2fi </ nncl h) Molerules beloiig- 
ging to the gioiip 11 y siith a center ol sMiiiuitis do not have a rolatioiial 
sjuitiiim heeausi thes do not have a punuiiiciil dipoli moment. 

A iiioleiule in s\huh two out ol Ihiie piiiuipal moments of iiicitia aic 
cqiinl IS a '■yniii’tliu top. Thi Iwo equal moments of iiiirtia aie tailed In 
iiiiil the third one (about tin ligiire axis) is lalltd / 1 . 11 / i</b lhi‘ rotiitoi is 
lallul pwlalf sifmnului tup II / ^ Jjt it is lallid obliili stjmiiuUa lup. Ihe 
energv levels ol Ihi luiljalonnt i\ra.nitiii lop arc given l»s lh< same eqiiiit ion 
as ill diatomu iiioletulis m whuli tin quanlum numlni \ is leplared b> K. 
h IS Ihf qmiiliiw niiwlui uj lh< (imiputnnl of the iiiu/iilai inonuntuin about the 
//(/lire OTA 

/ (./. K) Ilf {I 1) (t U)I<i (I.')l) 

A iind /.’ are giseii In (1-77). In the lase of pol).itonuc molecules, A 
and U are ol the same oidir ol m.ignitiidp suite the moment ot inertia /( 
icsnlts from the ndalioii ol iiiielii (not ol i lections, see page !i1) .ibout the 
liguie .IMS, As a first nppioximal ion, oiu maj (oiisider that there is no chc- 
troiiie aiigiiiar niomiiitiiia about tins axis. Thi quaiihim numbei A tan take 
sallies 0, 1,2, . /..md is a measure of the lotatioiial mIoi lU ol the raoltciile 

.ibuut the ligiiie asis 'llu si leclinn iiiles oi the ssinniitru top with i dipole 
moiiienl 'ilotig llu liguie axis an 

A f 1 and AK-- 0 (1-92) 

Since K cannot change, tin stioud tiini in (I-Ol) vanishes on tarrying 
out the speitial term dilleieiiLe. In this lase the fiequi lines ol the bvmmttne 
ligid lotntor aie given In (T-89) and Ihi n suiting spectrum consists of a luim- 
bei ol equidistant lines as in the i ise ol linear mnlceulis. The iigid rotator 
IS a suitable model lor the niajoiil\ of inoliculcs. It one takes iiilo account 
the iiifluoiici of the leiilnfugal force, the spntral lines are no longer equi- 
distant, Each line with J>0 is split into J-t-1 lines, coiresponding to K 
values, llowevei, the eifeit is so small lli.it piactically it cannot be obscived. 
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Ah shn'V^n abovr (see Molecular Symmetry, page 50) only molecules ^ith 
a Uiree<or bigher-fold axis ean be eonsiilered true symmetric tops. 
Cg IS Uie only axis ol symmetry iiiid the dipole moment must he in this axis. 
The molecule rilgCl is a t\piral example ol a prolate symmetric top. Cgllg 
and lihg are extimi>les of oblate synwieiiic tops. Among the few molecules 
whose lar infrared spectra (above lU |x) have been recorded experimentally, 
Me may quote Ml,, Nl),. and PIl,. 

There are also less symmetrie or even asymmetric' molecules in which 
two out of three moments of iiierlia are airiitentally equal. The spectrum ol 
an acridertUil symmetric lop is not as simple as that of a true symmetric lop 
because seleelimi rules are more complicaLed. 


If a molecule has two-or more Lhree-fold or higher-fold axes, it is a 
spherical lop, where 7^. All molecules with cubic point groups belong 

to this category (e.g., Cllg, CClg, cti.). They do not have a permanent dipole 
moment and ronseqiuiitly do not absorb in the Jai inlrared or microwave 
region. Only some less symmetric mnleciilcs, the so-called arridenlal spherical 



lop\, could have rotational spectra. No such mole- 
cules are known at the present time. 

it is obvious that most molecules belong to 
the so-called H.si/HiniP/rM lop cla.ss. These molecules 
have, nt the most, one or several two-fold axes 
and three diiferent moments ol inertia. The theory 
ol rolutioiiul energy levels lor such moleenles in- 
volves much more complicated equal ions. 

Again it .should be pointed out that the m.i- 
jority ol rotation spertia belong to the niiiro- 
W'live region. 

.3. ViliTAlioii ot polyafoiiiie moleenles 

u. The meehttiiiea] model ol the molecule. 
In order to describe the vibrational motions of a 
polyatomir molecule one cun use mechanical models 
Luiisisting of spherical masses proportional to the 
musses ol the atoms involved. These spheres 
are linked together by simple springs whose lengths 
and force ennsiaiits are proportional to the inter 
atomic distances and strengths of the corres- 


Fiff. T-;tn Maai m suspended ponding chemical bonds. The angles in the model 


by <in rhistir bu [16]. ure the same as in the aetual molecule. 


I). Normal vibration modes. Degenorale xihrations. Let us consider 
first the vibration of a single mass m suspended hy a homogeneous ela.stic bai 
of rectangular cross section (Fig. 1-30). If the mass is displaced slightly trnm 
its equilibrium position in the dirertion of the axis Ot and then left to 
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«• 

ilRt*lf, It will pcrfonn a linear harmonic oscHlniion with a frcqueticy of v^=r 
— *.» is the force coiistaut ill llu* 0, direction and —kjX ia tlie 

2n 

restoring force for llic displaccnieiii ol .r. If we repeat the experiment in the 
Oh direction, the nuiss will carry oiiL a harmonic n«'iliutjon with a fre- 

queiicy Vg = -- For a rectangular cross section of the bar 

If the mass is displaced in u direction difiereiit fioiu x and i/, the re- 
storing force F is no longer directed toward 0 since k, In this case the 
mass will carry out a much more compliialed motion called the LUsujnus 
nv>lion. The components .r and ij* of this motion are still linear harmonic 
motions. 

I- cos 2 nVfi, IJ- Ilf, cos 2 Trvyf, (I-'J3) 

wliere J„ and ij„ are the coordinates of the initial position it. 

The TJssajous mol ion is the su|icrimposilinn ol two linear harmonic 
motions of different frequency called nonnal vihrulions or noimal modes of 
the mass m, x and y are the normal rootdinales. 

The Lissajous motion can he carried out in two ways; il the ratio vj/vj, 
IS rational after a certain time, the mass will return to its initial position A 
and the motion will repeat itself over and over again (Fig. I-.'ll «); whereas, 
if the frequency ratio is irrational tliere is no time after which the motion 
repeats itself; in the course of time the pass ol the mass will imilormly coser 
the whole rectangle whose diagonal is Alt (Fig. 1-31 h). 



]<'!(; I ai (luim icpresriiMnc the J.issajuiis iiintion. 


II the cross section of the bar is a square or a circle the frequencies of 
the two components of tlie motion are equal. Tlieir superimposition results 
ill a linear harmonic motion which iiiuler certain rirenmslances (iu-phasu 

* III Ihrory a (iMiipiiiu'Ul Im llu- (hnrtiun ol Iherasis) liMy uImi i'msI • liut binn* v,' Is 
iiiurh lui|{«r lliaii Mg uini vy. Ibis I'iniipoiieiil i\ yi'iii rally iiol lukrii iiilo eonsiilrnitliin. 
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vibration of the romponeiiU) may also br (oiisidori'd as a normal mode and 
is called dfffentrttte vibration. 

When there is a phase dilfcreiiee between the two coiupoiienls, the curve 
is elliptieal (b'if{. I-31r) or cirrulnr (where the amplitudes are equal and the 
phase difleronrc is PO*’). In order It) include Ihese modes into the normal vibra- 
tion, one must Rive up the condition of phase identilv. 

Whatever the eross section of the bar, the l.issajous luolioii is the siiper- 
imposition of two mutually perpendicular linear harmonic vibrations. 

r. I'ibrulional enupling. nesouanee eonditioii. If the mass in is excited 
to forced osnllalions by a periodic force of frequency m}, the amplitude of 
the forced oscillation will be the largest when vj is equal to v,' and Vy. This 
is the resonance condition (when the vibralional coupling is the largest). 
When v„' the oscillations take place only in the a‘ direction, and when 
Vy— Vy tney lake place only in Ihe g direction, iriespective of the direction 
of the force (as long as the hitter has a iioii-xito eomiiooeiit in ihe x or r; 
direeliou). 

d. Vibrations of nuclei in ii niulmilur model. We now (onsulei Ihe 
motions of nuclei in the mechanical model ol a plane tetrahedral moleriile 
AVZjshowii in Tig. 1-32. This model .shows hoth tlie iorces ot chemical hoods 
and the weaker licid lorces (interatomic allrai tioii). If the group V/j is 
juaintaiiied in a rigid position and if A' is displaced in a diredioii oilier lli..n 
a, I/, Ol 2 , a vciy roniplicatcd ]js.sajoiis luotion will result out of Ihi plane 
xOj/, since the Inrce constant m the r direction is in this ea.se ot ilie saiiu 
order of iiiagnjtude ns the other Iwo. Kach ot the three vibrations loiniiiii' 
the l.issajous motiiiii is a linear (normal) huniionie vibration. II we now con- 
sider that the group is not rigid, tin 
l.js.sujuus motion ol the particle A' wdll show 
a different figure. Moreover,! and the two 
Z particles will he displaced as well, h'lnallv , 
each of the lour particles will have ils own 
l.issajnus motion depeiidiiig on ihe si/e and 
diiectioii nl tnrce.s'lhat roni'i’ct ilwilh thenthei 
three. There arc ecriaiii .smmlt.immis displace- 
ment modes ni tlie partiele.s resulting in 
noimnl vibrationa as iii the case of a single 
particle. Tiny are characterized hy tlic iaet 
I hat each parliele carries out a simple liaimo 
me luotum and that all jiarticlcs hav c the same 
vibrational Irequeney and move in ]i1i!ise 
111 other words, each imcleiis reaches tlie res 
peelive end point nr (tasses thinughihe equili 
briiim position at the son e time as oil the 
others. .Vmplituiles m.iy he (and generally are) dillereiit. ih'cause of LLssajous 
motions, the vihratioii of tlie whole model seems lo be fortuitous and random. 
Aetna II), it is a superimpusition ot a eeilain number of normal vibrations. 


I 



I 

I 


z 

Kifl. I ‘A2 iiiiThiUiJi'iil iiiudi'J 
of lilt* inolriuh* A [1 ^]. 
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Figun* 1-33 allows bChcmutirnlly the norma} vibrational modes of the mole- 
cule XYZf,, As sliowii above, it Uie lour nuclei are displaced in Uie positions 
indicated iiy arrows and then released, carli one \iill move back: and forth 
about a certain eriuililirium position with the same frequency as the other 
three in such a way tliat*utler each peiiod they will oeciipy the initial posi- 



X 



Z z 





Fin I oJ NollllJl \ lliMlKiii llimli s of llii III|>I(||I|( A)/^ 'Du sif(ii 

shows cl is|il.u dill Ills ahnvi thi pl.iiio ol Hu* risuu .iiid Ihi si|{ii, 

flisphi I nil 111 * III low this jilaiii 


linns, biguie I-.t>t shows only Ihe anows lepi ism ling llie initial displare- 
inenls iiecessarv topeiliiiiu 1 he iiormal \ ibrntioii.il mode.s. I In cniiqilele nsi illa- 
linii about the ei|uilibriuni posit ion is shown onh in tin* r.ise of Ihe leiitial 
atom in Mbralioii v, b\ additional dolled airows 1 ! i lali illation ol these 
(hni.'K teiislir imlial displacements is not shown luii. ]L slionlil he pointed 
out lint the resputne niniws aie vediiis whose lelative lengths give the 
ulatiM M'lorities and aiujililiides ol Ihe iiudei 'ihes hiiM' In he oneiitid 
111 such a was that the leiilei ol gtavilv oJ tiu uiohrnU* docs not iiUci its 
position In otliei winds, theie is no resiiltaiil translation or rotation ol Ihe 
iiioleeule as a whole, higure 1-31 shows uoriual tiaiislalinn modes 7 and 
rotation mode It ul the iiuileiule A},. 

c Jlt^rors ul freedoiti. 'the mimbii of iioimal Mbralioiis loircspunds 
to the niimlni of degrees ol Ireedoin ol the systiin (niohciib)- lu order to 
deseiihi the mutioii ol the atoms in ,i moluiilc, wi iiiav choose, for example, 
the Carli sinti t ooriliiiatcs ifi, zi ol i.iih ourlcus /rwilh lespert to a li\ed 
origin I Ol .1 luuleiiile with N atoius. wi oud 3,V cooriliiiates; consequently, 
Ihe molecule h.is 3 V degiees ol ireedoin. 'riiiee are Inunldlimal dftjrefs of 
fieedom and three aie rotalwnal rfcc/rcc? of firedoni (see b'lg 1-3*1). 

Therefore, a bent molecule with A' atoms can have onlv 3iV- (i mIim- 
tiunal degrees of freedom and 3.V (i noiinal \ ihintion mocks l hus Ihe tetra- 
itomic moleriile shown m Fig. l-.32hns3vl b- ft normal Mhiatinnal modes 
shown 111 Fig. l-,tt In Imeir molcuiks lot.ition uhonl tin iiiletiiudcar axis 
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does nut alter iiiis oI the (.oordiuateb ol the atom. Consequeiitlv, there are 
only t\ko rolulional degrees ol Ireedom, i.e., linear molecules base 3N- 5 

vibrational degrees ol freedom and 



Fig 1-34 Noini.il liansl<ilioii .iiid million 
niiiilrs 111 lUi inolLCUlr 


'AN f) normal viliratioii modes. The 
linear Iriatomic molecule XV^CCO,) 
m Fig. 1-21 has 3x3 .'i 1 normal 
V iliialiunal modes. T«o(v 2 n and 
having the same trequenev are doubly 
deqeneittU. Most schematic drawings 
show only one component of the 
doiihly degenerate vibration. 

IhP slatpnietils tan lit ciiukecJ 

(xpeiiiDciilally b\ iiit iiu ul llu Hliobiiscopir 
tifrect (PXHniinallon nr llu iinilianjral niriilcl 
111 a (lark diainlui vtilli liKhl ran bi 

Uitntil un aiul ntL ttilli vaiiibb fieqiioiicy) In 
llijs i isL, oiiP ublains b (or JN — 5) illii 
imnalifiii ritrjueiujts nliiii Iho spheiicul iiiiissni 
Ilf Die innrlel ippcni nioUonliv^ lo llicobwi\ii 
I lie phPiiomiii can br explaiiuil in Llu lollimnu 
wnv Since llie |i«ii liilos luos i in pli ihc, iiKiird 
li*s<» uf Dim amplitucb ni dim him oi motion, 
Diis >m 11 alu i\s hi I uiRlit IiimoDui it illuiin 
inliUv^itli I ri(([utm> iqtiiJ to llu* ioiics|konil- 
iiilt iioiiiial Mbi I lion mode 11 foi s\miiiolr\ 
iraM>fis, llu iiioilil iiiiolidili j h iil clri,ciui ili 
iiiuilcs ilcptiirlni^^ on llu ol dcg(iuiti(\, 

\^c would nbl un fr^ri Him - b nnimil 
liiqiienra*< (i g , lime jnsh id of fmii in i I), 
ind four iiisli id id iiim m < llj Hip iiiallu 
iniliral liLalimiil tm D il inulianusi |.i\is 
Du siiiip II sill Ik 


I. Caleulatiou ut vihriiUoiial Irequriicies. In a smi])li li.iiiiioiin niulion, 
the displacement 5, of a paitule i iil timi / is givin bv 

.S|- v',' cos( 2 TCv'f ip) 

ulicrc s? IS till anipliLudi .nid ip, a phasi uiiislaiil llu am Ui.ilioii ol the 
particle is 

(ij - I Ti-^v'-sJ los (2Trv'/ y) Iz-v'-^Si (1-5)5) 

lip 

and the rcsloriiig Iuicl (mass n aicckialioii) is 

/' «i{rt, lit^v'^i/iiSi. (1-5)6) 

This relation bolds foi llu ( onipoiieiits of the motioii in anv dilution. Thn.s 
lUi iistuiing loice is piopoitioiial lu wi,S( at eveiy iiiouiLiil. 



rNFRARED SPFCTTIA OF POlYAIOMir MOIETULES 


73 


If one of the N particles of a system (e. g., pariirle 1 ) is displareil from 
its equilibrium position, it will be returned to this position by a restoring 
force proportional to the displacement ol the particle; this displneement 
cun be described by means ol the three roordiiiatcs r,, y^, 2^. II the displare- 
ment is sufficiently small (harmonic motion), the three components of the 
force are given by 

i’i- - Aj'ii Aiizj. 

/•'J— Ajiii (W 7 ) 

F'i - Aiia-i-AjJgi-AjiZi, 

wheie k'gl, me iou-e ((instants. If all the other pniticles are also dis- 
placed, the resloriiig foiie acting 011 eadi particle will be influenced some- 
what. For sufficieull) sm.ill amplitudes one can write 


/I 

Ai]i, /.liVi 

Alfr, h'4ii. 


• Ai'iA. 

7'! 


Ailn Ajfjj A‘ir/i 

AJi's 

A«:rs (1-1)8) 

Fi-- 

Alifx A-J,‘i/,- 

AlJ.'i A‘*Tj-AJ,V^ 

Ai?.-, 

AI'ca. 

Siiiiilar equations (,in 

Ik* wiitleii 1(11 tin 

(illu'i p-iilirles ol the sssicm 

n 

A««i-Ajj!/i 

Ajl-i A“(j k“yi 

AliSi • 




Afi^i- A®ij- A®f(/j 

/32^ 

»*jr‘'2 

■’--AjS^rA. 

/.> - 

AS‘i A*;vi 

A;l;j kUii A^i;* 


• -AL%. 



(I-tl8ii) 

H- 

AJlii - AiJi/, 

Ajl-i- Ajjjg- A® 1/2 

^‘3 

■ -Ai^.v. 

/'V 



a?5?2 

AJ^Cat. 

hi* 


AJi'i A«i^- A*,,^//. 




•*! Vi 

-c=. tj’i.-*;?! 

h 

••• A^^a. 


The cocttirients Ai', show how the t-(ompoiieiiL of the lorce acting on 
particle i depends on the if coinponenl of the restoring force acting on par- 
ticle L 
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It cun In' ■tliown lhai 

uhiuh reduces upprcciably the number oi nndficienLs in (I-OR) nud (I-USa); 
(1-99), ill which X or r/ may in* jiiiy one of x, y, or holds for any i or' I. 

II should be pointed out that in (1-98) and (I-98a), Xi, ijt and Z{ are the 
displacement coordinates of particle i.; r. c., they are the coordinates of 
this iiartiele with respect to the coordinate system whose origin is at 
the equilibrium position ot the particle i; the latter is different for different 
particles. 

The conditions which must be fulfilled in onler that all the particles 
siuiultnneously carry out a simple barmouic motion with the same Ire- 
quency (a normal vihralion mode) can be found by replacing the comi»o- 
iients of the restoring forces lu (1-98) and (I-98«) by the corresponding values 
from (I-9ri). We obtain 


I'i'ji ' h'yltli A^ri'Ai'rj • 
A-!ii/, lA-lIr, ,A-l-u' - 
IttV-’/iijT, Arlr, .A-?X A;':, ■ Ajtr^ 


• • 1 A-'^rv 

AJ'r^ 

• • -1 A1?:a. 


(1-100) 


l-':V*in\r,v A,Vij ' Aj,'i/, . A; 


• ' Ar-v- 


Such a system ol linear, homogeneous equations with liN unknowns (ri. i/i, 
Cp ij. If,. Cj, ... 7y\) can be soKed oiilj il the determinant oi the eoeflicienls 
IS equal to zero. Thus the iioimal In qiii peies are delined by the condilion 



A" 

Al! 

Al; 

.. A’} 

a:: A!! 

Itt-v'^iii, 

a;i 

A.'c 

■■ A|} 

Aii 

j\\ 111 

)t:“v'-/iii 

AIJ 

A\' 

I^XX 

1 -’1 

A'jir 

hi' hii 


A^: 

/.M 

/M 

'•*v 

A-,? 

i,/V2 1 *VV 

In^v'^nijv 


(MO I) 


This eqmttion is called the saii/ui rr/unfiri/i. It is oi the .'lAth degree 
and has 3N roots for v'*. Ohviously, only Ihe positive values of the mots 
have a physical meaning. In the case of lineai molecules, (I-lOl) has live 
solutions equal to zero (rorrc.s])oudiug to three translational modes and two 
rotational modes); in the ea.se of nonlinear mnleeiilcs it has six .solntion.s equal 
to zero. 
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It cun happen that iwu or more solutions are cijual to each other. In 
other words, two or more vibrations ran have the same frequency. These 
vibrations are called degenerale. The degree of degeneracy i*! etpinl to the 
number of vibrations with equal frequencies. Practically uni) second nr 
third degree degeneracies are encountered (doubly or friplf/ ileqcnrrale vibra- 
tions). It is obvious that the more .symmetric the molerule. the larger the 
number of degenerate vibrations. 

Solving (I-KM) for certain values of A,'(, nne obtains the iioimal ireqneii- 
eies v'. Hy substituting the eorrespoiiding values of v' in (I-lOU) and solving 
for Xi, !/i, Si, sTg, .... Z\, one obtains the form of any one of the normal vibra- 
tions. 

Sinre equations (I-HU)) are homogeneous, one cun determine only Ihe 
1 alios of Ji, I/,, r,, a-, Since for a given frequene> the ratio .ij: i/p 

i-j, Za i.** iiidejiendeiit ol liiue, (I-lOO) gives Iheialio of the rompouents oi 

tlie amplitudes of the A paitules; it also gives llie latio of Iho veloeities el 
any given moment. The proportioiialilv larlors of these ratios expressed in 
terms of cartesian roordiiiales are called lunmnl coordinates. For the purpose 
of tin's book it is not necessary to describe lliem in detail bill only (o mention 
Ihot tlo-y arc obtained by a reversible linear transformation of the 3N tar- 
tesiuii coordinates ol the displarement of earh parlieli 

The force ronslaiits Aj', can be determined theorelieallv onl) in very 
lew eases (11,0, 11,, Ilj). For other polyalomie molecules, they are obtain- 
ed bv introdneing experimental values of the fieiineneics into the secular 
eqiiHlioii. .Vlso, there are a number of empirical erpiatioiis aIikIi give satis- 
taetory vesnlls. 

It is obvious that the solution of the seiular equation (I-IOI) becomes 
inrivasingly difficult v\i1b Ihe increasing number ol atoms in a molerule. 
Common melbods eaniiul be applied even btr S 1 when the seenlar equation 
IS ol the 12th degree. In general, Ihi iiiimbiT ol observed Ireqiieiieies 
IS smaller than the number of Inree coiislaiits. Theiefore in order to deler- 
iiiine these force eon.staiits (and this is one ol Ihe main ]mrpose.s of intrared 
and llauiaii speetroseopy), one must find addilinnal cquatinns (like those 
obtained for llie isotope etierl) In eompletc tlie iii'eessary number of Irequen- 
I ies in the seenlar equation. The .solution of the secular equation is not 
dest rilu'd here. It can be found in special book.s mentioned in the refereiiee.s. 

The svmmelry of the vibruliuns, associated vvilli the .symnietrv of llie 
molecules described on page ."ilf plays an important inic in determining Ihe 
normal vibrational modes. Svuimetrv propeilies eiialde the detevmiiiation of 
llie nniuher and sometimes even llie lorni of normal vibral inn modes l»v a rather 
simple technique which dne.s nut imply the knowledge of the inathr- 

iiiatical (group) theory 

The following section dc.seribes qualitatively the symmetrv ol mole- 
cular vibrations and the ealenlation oi the nuiuber of vibrations artive in 
the infrared based on moleciilar symmetry. 

g. SyniiiiHry of normal vihrulions. If a symmetrv operation is eairiod 
cut in a molecule whose nuclei aie fixed in an equilihrium position, the 
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cuufiguralion of the molecule docs not rhani'e. Howewr, if we ronsider h 
vibrating molecule, the transformed displacements resulting from the sym- 
metry 0|)erat{oii ore not neccssnrily the same as the uontransformed ones. 

Normal vibrational modes can show three differeol behavior patterns with 
respect to a given symmetry operation: they m:iy remain uiiehaiiged; they 



I'lg. [ .i j llu* syiiimulry or iioriii.il vibration inodpv 
of I hr niolpculr XYZ^: 

(ri) lirldic mil llir Hyiuuioltv o|»cialioii; ib) afhr 

this iiprr.ilimi ; fc) allei ttip oiinniliniiii^^, 

may clnuige sign; or they jinv undergo ulher changes, Vil)rulious which do 
not change their nature as a resnil of a symmetry operation arc railed sym- 
nifiiic svith respect to the given symmetry operation. S'ibratioiis which change 
sign arc called atilhyiiimrtiir, A mmdegenrrule vibration has only these two 
possibilities since it is chiiraelerized by a single ratio for the ( I ispla cement eoor- 
(linales of Llie various atoms. At must the sviuincliv o])eraLi()n eaii change 
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lui sign of the respective nurmnl coordinates. Thus, in the molecule XYZ^ 
(fig. 1-35) the modes v^. v,, and are .symmeliric with respect to the opera- 
tion C|( (rotation of ilie molecule by 180** about the axis passing through 
X and Y); Vfhereas v,, V5, and v, are antisymmetric (I'ig. l-35i). Vi, v,, 
and V| arc symmetric with respect to t (reflection of the molecule at the 
plane passing through XY, perpendicular to the plane of the molecule; 
I'ig. I-35c), whereas in the antisymmetric modes V4 and Vg, the directions 
of all displacement vectors are inverted. In other nouls, the corresponding 
normal coordinates ^4 and ^5 change sign (bcruiue negative) because of a 
phase shift of 180°. It one carries out tlie symmetry uperation (reflection 
of the molecule at its own plane) (Fig. I':i5u), oue eaii sec that the modes 

^s» ^s* ^4* ^s symmetric, while Vj is aiilisynunetric with respect to 
this operation. 

It follows (hat a nucleus tliat has its equilibrium position in a plane 
of symmetry can only move in the plane if ilie vibration is symmetric^with 
respect to the plane or perpendirulur to the plane if the vibration is^onir- 
symmetric. If the equilibrium position ol a uuclcus is on an axis of symme- 
try, the nucleus can move only along this axis if the vibration is symme- 
tric with respect to the axis, or perpendicular to it, if it is antisymmetric, 
it the molecule has nu axis Cp and p is odd, u iiondegenerate vibration can 
only be symmetric since il it vere uutisymmetne, it would not transform 
into itself after p rotations by 3bl)/p degrees about the axis (i.c. a rotation 
l>y 2n). if p is even, the vihratioii can be symmetric or antisymmetric since 
It will transform into the originnl eonfigiiration after p rotations by 36()/p 
degrees. 

The behavior ut degenerate vibrations with re.specL to various symmetry 
operations is much mure eumpliented. Their desenpliun ma} be louud in 
the treatise mentioned above. 

h. Syiumetiy spevieb ofiioriual tilirulioii modes. Lei us ronsider again 
the vibrational modes ol the molecule XYZ^ (Fig. l-.'l!)), and let us call -|- 1 the 


symmetric vibrations and —1 
the antisymmetric vibrations 
with respect to a given opera- ' 
tioii (Table 1-5). 



Table 1-6 




J 




This table is an abstract 
way of representing the behav- 
ior of a vibrating molecule. 
The set of combiimtions 4-1 and 
- 1 for each vibrinional mode is 
called an irreducible represenla- 
lion since it cannot he reduced to 

Vj 

Va 

V4 

V, 

Vg 

-11 

H 1 
■i 1 

1 1 

1 1 

1 1 

-f 1 

i 1 

41 

1 

- 1 
-i 

-H 

-tl 

HI 
- 1 
-1 
tl 

+1 

HI 

41 

HI 

-M 

1 


a simpler Jurm. Ily rniiiliiiiing inedueible lepiesenUtions we can obtain any 
oLlier reducible repieseniation.The icsults obtained here mtiiitively can be 
derived mathematically by means ol yroup i/ieory (see reterenees on page 114), 
where -|- 1 and 1 are the chtuaciers ol the matrixes iurmiiig the irreducible 
repiescntatioii. The matrixes with |-1 or I chararler are iinidimen.sjotiul. 
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In point groups witli a higher>foId axis Cp(p>2) or with more than one 
Cft axis (p^3), one or several representations may be formed from matrixes 
with two or three characters, respectively. Actually, ‘the characters represent 
the transformations of the normal coordinates of the atoms after carrying 
out the symmetry operations required by the point group of the molecule. 
Tnbie 1-.*) shows that the first three vibrational modes have the same irre- 
ducible representation formed from rharacters +!• ~l-l< One says 

that they all are of the same sperm. The species of a vibration is in fact 
its irreducible representnlinn. 

The internalioiial nutnlion for different species based on the behavior of 
the vibrations wit respect to a given symmelry element (operation) is: 

A f«i' normal vlbrallmis s>niini‘trlr willi iPiiprrl In :i f.'p iimn (f{eni*rnllv llie lilRhi*Hl-fo1i1); 
iJ fni iiiiUhlnu'lrir vihralions wJlli irsprrl lu 
K lor doubly degonrrtilo vibniUrjim; 
r for Iriply (IrKPiiiTiilr vibralioiis. 

If there are .several repre.senlalioiis of the same type, they are clifferen- 
tiuted by numerical sob.seripts (e.g., A^, .Ij,..., ...). Their order de- 

pends on Ihe Jiymmelry with re.speet lo other elements. If there i.s a eeiiter 
of symmetry i, the behavior of the symmetrie vil»ratiou is described by the 
index ,9 (from the (ierman word gerade) and lhal of the ant Lsymmetrie vibra- 
tion by Ihe index ti tfiom the Gcrmnii word ungerade) (e.g., Ajj, Hagt 
B^ui I'tc.). Syiumctric vibrations with respect to a piano of .symmetry are 
labelled ' and antysyminelric vibrations ' (e.g,, A[. A'i.B', It", K’, K", etc.). 

in tlip rase nr linear iiifilcciilph thu svmbnls hit: 

^ for iinndrgeiieruti* vibrations: 

£ for jiondcgenorute vibraLiona uiitis>nimtMi it* wflli rrsprrl lo ,i ploiii* ol sMiimctr.\ ronliiiiuiig 

the axil! of the molecule; 

For nriiiilPKrnenite vlbralioas anlisMiitmdi u \m11i mperl li> I his pl.inr; 
n fur tloulih flpgriii'niti' vibrallniis; 

A for Iriiilv dcgeiieitile vibrations. 

Thr nl)i)vc luiUitions have lipi'ii used lo sid u|) tallies ronlainiiig Itu' 
species and cliarnetors of normal viliralinn modes possible in eacli point 
group; for example, Table l-b slums the vibrations nl tbe muleenie XVZ.> 
(poiiil group 


Tahlf J-ti Spaeies fur the group 



J 



<I|,(VX) 


■''i 

^ 1 

i 1 

■i i 

1 1 

Tr 


•1 I 

. 1 

1 

-1 



1 1 

- 1 

\ 1 

1 

T, , Jlfi 

Kz 

-M 

1 

■ 1 

1 1 

r„ Jt, 


In the last column of Table I-G are given the translational motions 7' and 
tbe rotational motions Subscripts .r, ;/, and z show that the motion takes 
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place along or about' the corresponding axis. Let us ronsidrr ns an example 
the molecule A'V, (11,0) (Fig. I>26a) whose vibrational modes are shown in 
Fig. 1-36. One ran check the nbove statements lollowing the effect of the 
four symmetry operations on all the possible motions. Obviously, all the 


0 , ^2 
0 



modes arc symmelrir with respect to the identity operation. The |1 charac- 
ter shows this behavior in all four species given ui Coiiimn 1. Let us ronsid- 
er now the tmiislation Tj of the mnleeiiles in the din elion of the z axis. 
This motion is lepresented bj u \eeLor pointing in this direction and having 
its origin 111 the center of gravity of the moleeule. 11 one carries out any ot 
the symmetry operations (f, C^z, tity, it „ ), this vector does not change. 
The motion 7'* is symmetric with respect In all synunctry operations. Each 
species must have a -!•] character. Tlie only species with all characters 
equal to -1-1 is A,. Therefore, the motion T, must be placed in the first 
line. Carryuig out symnietiy oiiei.it ions for 7’y,one sees that this motion is 
.symmetric wilh Te.speet to a^z and aiilisvnietrir with lespeil to and 
Ojiz- Consequently, 7’y must lie placed in the last line containing species 
with characters equal to [1, —1, —1, |-1. All the other Irauslatioiial 
and rotational motions of the water molecule can be assigned to the various 
species of the point group Ctv m exactly the .same way. 

Considering lunvlhe normal \ ibrational modes, one can nuke similar assign- 
ments. Modes and Va nwam unchanged altei raining out any of the 
iour sjmraelry operations; in other winds, they aie sYranietric (character -| 1) 
with respect to these operations. The iireducihle icpieseiitation is the same 
as tor Tf, namely 1, -fl, i-i, 1 1. Therefore the species ol the Vj and v, 
inodes is A^; they are called .tj. The Mbrntiou Vg is sjniinctric with respect 
to a I (siiKC all the vertors arc in the jilane e, stc rule on page 771 and 

antisymmetric with respect to C^z and oyz. The corresponding characters 
are 1, --1, | 1, -1; consequently. >il)ration Vg belongs to the species 
Analogously one can find the species of the nondegeiierate vibrations in 
the molecules (NDg) belonging to the point gioup Cj, (Fig. 1-37 and 
Table 1-7). Obviously, modc.s Vj and Vg are totally symmetric (symmetric 
wilh respect to all possible operations within the group) and belong to the 
species Aj. The other modes are doubly degenerate, The behavior of degen- 
erate vibrations described by the characters oi the corresponding bi- und 
tridimensional matrixes is complicated and cannot be described here (see 
lefcreuecs on page 114). ^^c only point out that in various tables the char- 
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acters in Column I diow directly both the degree, of degeneracy of vibra- 
tions belonging to the respective species and tlie dimensions of the rorres- 
ponding matrixes. Also, in each irreducible representation, operations 
ffj, c\ have the same characters. Sueb opernlioiis form a class of symmetiij 



Fig. 1-37 Nurnul vibiatiun modes of Ihi niuJeiole .A Yj(lsD,) [lb] 


operations. It suffices to introduce in the tables only the classes of opcrnlions. 
Thus Table 1-7 can be rewritten in a .simplified form shoisn in Table 1-8. 
The left uppei corner shows the symbol of the point gioup. 11 (iin be seen 



that the number of tiieducible repiesenialions is rqiuil to the number of classes 
of symmetry operations. The number ol symmetry operations (elements) i.s 


lablr I-S 


<s» ^ 


"v 


i 

1 1 

A, 1 

1 

1 

t: I2 

- 1 

0 


obtained by summing the squared charac- 
ters of the irreducible representations; 
tor example, in Table 1-8, the characler 
of Ai and is I, and Ihu rliaraeter of 
K IS 2. The number of symmetry opera- 
tions in point group Cs^isl^ f P-|-2*7s 
15 (ef. Table 1-7). 
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i. Dtlenniiiatioii (ddie number ofnoimalTibration medesida ginet 
epeeki* Ab diowa in the preceding seetion> if one knows the synunetry of a 
molecule, one can assign it to a certain point group and thus determine the 
charaeter (species) of its vibration modes. 

If a molecule has a single vibration of a given species, its form can be 
determined without solving the secular equation (see pag 74). 

Even if there are two vibrations of the same species, it is easy to obtain 
an idea of what these vibrations will be like. Moreover, we can calculate 
the number of normal vibrations of a given species by applying the rule 
which limits the number of degrees of freedom of a nucleus placed on one 
or several symmetry elements (see page 7(>). 

In this respect, the nuclei of a molecule may be divided into certain 
stU according to the following rule: all members of a set are identical and 
can be transformed into one another by the synunetry operations permitted 
by the molecule. The members of a set are called ^uioalent nuclei; for exam- 
pie, in the molecule II,C— CClg, the nuclei of the three chlorine atoms form 
a set since they can be transformed into each other by means of the sym- 
metry operation Cg. The three hydrogen atoms also form a set. The nudei 
of the two carbon atoms do not form a set since there is no symmetry oper- 
ation which would transform them into one another. Each of them may 
be considered as a monoatomic set. On the other hand, in the ethane mole- 
cule the two carbon atoms belong to one set and the six hydrogen atoms to 
another. Thus wc can determine the position (and number) oi all nuclei belong- 
ing to one set if one knows the position of one nucleus in the set. This 
nucleus is called the repTeseniatioe member of Ihe set, In the examples men- 
tioned above one can observe that the number of members in a set is the 
largest when the representative nucleus does not lie on a symmetry element (six 
in the set of the hydrogen nuclei in ethane: three in the sets of hydrogen and 
chlorinenuclei in 1, 1, 1-trichioroethane). The number of members is smallest 
when the representative nucleus lies on all symmetry elements (one in the set 
of carbon nuclei in 1, 1, 1-tricliloroethane). 

It is also possible to know the displacements of all nuclei in a normal 
vibrational mode oi a given species if we know the displacement of the repre- 
sentative nucleus. In a nondegeiieratc mode the nucleus of a .set can at most 
contribute three degrees oi freedom to each species. This contribution is possible 
only if the representative nucleus does not lie on any symmetry element. 
If the representative nucleus lies on a symmetry element, the correspond- 
ing set can contribute 2, 1, or 0 degrees of freedom, depending on the 
symmetry elements and the vibrational species. 

These simple rules enable the calculation of the number of degrees of 
freedom (i.e., tlic number of normal vibration inodes) in a molecule. If one 
subtracts the number of the corresponding rotational and translational de- 
grees of freedom, one obtains the number of normal vibration modes for a 
given species. As an illustration, consider a molecule of point group Cgy, 
Table 1-6 shows that itsSJV— 6 normal vibration modes belong to the species 
A}, A„ Di, and JB^fsee Table 1-9). It the molecule has n representative nucleus 
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symmetry. This point group ran have three irreducible representations: Aj, 

E (see Table I-IO). If the molecule has a representative nucleus in a ir* 
plane, the set contributes six degrees of freedom to species E, i.e., three 
doubly degenerate modes; mg such sets contribute vibrations of the species 
E (see Table I-IO Column 3.) 

If the nucleus lies on no symmetry element, the sets contribute 12 de- 
grees of freedom since the symmetry operation C, yields three nuclei 'with 
two degrees of freedom each, and each it« operation doubles their number. 
Thus each set in this situation contributes six doubly degenerate modes to spe- 
cies E; m such sets contribute &m modes (Table 1-10, Column 2). 

It can seen from Table 1.8 that a nucleus which lies on the C 3 axis can 
contribute to species £ only if its motion is perpendicular (—1) to this axivS. 
In this case it contributes two degrees of freedom, which is equivalent to 
one doubly degenerate mode (Table I-IO, Column 4). In the case of Nllg 
orNU,(m=:0, inv=l, inQ=l), one obtains two modes and two modes £ 
(see Fig. 1-37); iV=6in-|-3mt,-t-mQ=0-l-3-|-l=4. In the case of species E, the 
number of degrees of freedom is obviously equal to twice the number of normal 
modes. 

The equations used for the determination of normal vibration modes of 
each species for the principal point groups are given in Table 1-11. It con- 
tains the point group; the equation for the determination of the total number 
N of nuclei in the molerulc (useful for checking the correct choice of repre- 
sentative nueltii); the species of each group; the activity in the infiared 
(IR) and Raman (R) (see Appendix III); and equations which sum up the 
normal vibrations in each species. The following notations have been used: 
m= number of representative nuclei (sets) which lie on no symmetry element; 
nig s number of representative nuclei which lie on all symmetry elements; 
nip •= number of representative nuclei which lie on the Cp axis (an addi- 
tional superscript refers to the orientation of the axis); mi= number of repre- 
sentative nuclei which lie on a Cj axis, diagonal with respect to an axis Cg, 
perpendicular to Q, C,..., ma, iha- numl)cr of representative nuclei 
whicli lie on planes of symmetry Og, 04 , oa. only. If the corresponding plane 
is determined by the axes of coordinates, the subscripts, v, d, and h are repla- 
ced by, xy, £?, i/z, respectively. In the case of translational modes (7^ and 
rotational modes (if), the subscripts show the axis involved in these motions. 
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III the column entitled "Activity" IRs=infrared, asactive, iasr inactive, 
RcRaman, papolarized, p*=partially polarized, dp = depolarized, iasfor- 
bidden. The coefficients in Column N show the number of nuclei in the set. Alon{< 
withthe symbols ol the species, the following commonly used notations are given: 
V for the stretching vibrations and S for deformation vibrations. If the mole- 
cule has a characteristic plane of symmetry (e.g., the plane of the molecule) 
the deformation vibrations are called S when the motion of the dipole mo- 
ment is parallel to the plane and y when it is perpendicular to it. If the 
transition moment is parallel to a special symmetry clement (axis or plane) 
involving several identical valencies, the vibrations are called vre or Sn. If 
the moment is perpendicular to the symmetry element, the vibrations are 
railed vo or So; s = symmetric; as = antisymmetric. To illustrate the use 
of Table I-ll, we consider the four isomers of tetrabromoryclobutane sche- 
matically shown in Fig. 1-39. 

One must determine the point groups of the molecules. Considering that 
the cyclobutaue skeleton is planar, the symmetry of these molecules is ( 4 , (I), 
Dm (II)i Cih (III), Cl (IV). For the isomer I (C 4 v)one finds the following spe- 
cies in Table 1-11; A^, A^, Bf, E. This molecule has three different 
sets consisting of four equivalent nuclei (411, 4C, and 4Br). All three repre- 
sentative nuclei lie in a plane of symmetry 0 ((. Therefore 01 = 0 , m«=:0, 3, 

Rig=0. The total number of nuclei is given by 

N=:8m44mB-f 4mtf-fmQ=0-l-0-|-4x3+0=12 as it should be. 

Using the equations in the last column, one can determine the species of 
the 30 (3Af— 6 ) degrees of freedom (normal vibrational modes): 
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AtBiSffl+2 in«+2 in,(4'ino->ls6-'l aS 
A|^3 bs3^1bb2 

^Bi3in+2in«+mi ™3 

B|a3in+in9+2m« *6 

£a6 m4-3'nv+3/n«+in, —2= 9—2=7 

Is 


ConBequently, there are 23 normal vibrational modes: SA^, 2A|, 3Bi, 
6fi, and 7E, The 7 modes E (doubly degenerate) involve 14 degrees of free- 
dom; therefore, there are 30 vibrational degrees of freedom. The normal 


trandatlonal modes are: 1 A^CT t) and 1£ 
{Tx$f) and the rotational modes are: 
1A,(II() and Since each 

doubly degenerate mode involves two 
degrees of freedom, there arc three 
translational and three rotational de- 
grees of freedom (totaling 6). 

The data in Column 4 (Table 
I-ll) show that only species Aj and 
E are active in the infrared. Con- 
sequently, there are 12 vibrational 
modes active in the infrared: 5A] 
and IE. 

By a similar procedure, one de- 
termines that the isomer II (Um) has 
12 modes active in the infrared: SBg 
and 7£; isomer III (C^) has 15 
modes (SA^ and 1B„), and the asym- 
metric isomer IV has all 30 vibra- 
tions active in the infrared. 

The infrared spectrum ol one of 
the four.isomers (m.p.104°C; Fig. 1-40 
a) has very few bands, suggesting struc. 
tures Cij orDie- Chemical reasons pre. 
elude the structure with C^t symmetry^ 



The spectrum of another isomer (Fig. 
I-40b) shows a larger number of bands, 
supporting structure Gn- Nuclear mag- 
netic resonance spectra are in agree- 


I d 1-39 The symmetry oI the four Isnmr: 
of 1, 2, 3, 4- tetrabromocyrlubutaiic. 

Obrammo atoiii;9eadwii alomi* hydrogi 
atom. 


ment with these assignments [55]- 

j. The synometry of dipole moments and of vibrational states. The three 
components Mx, My, Mg of the dipole moment M of the molecule^sbow the 
same behavior as the displacement vectors of the nuclei in various normal 
vibration modes with respect to symmetry elements. Therefore they can be 
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rbanetariied in the same way for each rotational or vibrational state of the 
molecule. Table 1-12 shows symmetiy types of dipole moments in the prin- 
cipal point groups. 
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Symmetry properties are also valid for rotational and vibrational states. 
As shown in Chapter I, the eigcnviilucs of the Schrudingcr equation for a 
given potential energy represent the energy states of the corresponding vibra- 
tions. Each eigenvalue corresponds to an eigenfunction which can be described 
in terms of normal coordinates. It has also been shown that these coordinates, 
and thcretore the eigenfunctions, can be symmetric (remain unchanged) or 
antisymmetric (change sign) with respect to a certain symmetry operation. 
Thus in establishing the symmetry type of the eigenfunctions, one can deter- 
mine the symmetry properties of the energy states (levels) of the molecule. 
The behavior of the vibrational levels is given directly by the corresponding 
quantum numbers; for example, for a vibration which is antisymmetric with 
respect to a plane of symmetry, the energy levels are symmetric or anti- 
symmetric depending on whether the quantum number is even or odd. For 
a vibration which is symmetric wit respect to a plane of symmetry all 
levels are symmetric, whether the quantum number is even or odd. 

Under certain conditions (see below), a vibrational eigenfunction of a 
molecule with N atoms may be considered as a sum of 3iV eigenvalues of 
harmonic oscillators. Therefore the total eigenfunction is the product of the 
tlN eigenfunctions of the harmonic oscillators. For an antisymmetric vibra- 
tion this function can be symmetric or antisymmetric, depending on whether 
the sum of the vibrational quantum numbers is even or odd. 

The symmetry properties of the dipole moments and vibrational levels, 
ill addition to those of normal vibrational modes, are very important in the 
determination of selection rules. These rules determine, in turn, which normal 
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vibrational inodes are active in the infrared and which energy levels may be 
combined, or in other words, what differences in spectral terms are possible. 
These rules also enable a more satisfactory picture of theoretical spectra. 

k. Energy levels and vibrational s^tra of polyatomie molecoles. 
The vibrational frequencies of a polyatomic molecule are calculated in quan- 
tum mechanics by means of the Schrodinger equation (1-9) formulated for a 
system of N particles. Introducing the normal coordinates and the corres- 
ponding values of the potential energy into (1-9) the equation may be resol- 
ved into 3N equations corresponding to the energies of 3N harmonic oscilla- 
tors. Of these, six (in the case of nonlinear molecules) or five (in the case 
of linear molecules) have frequencies equal to zero (since they are translational 
and rotational motions) . The result one gets is the same as in classical mechanics: 
the vibrational motion of a polyatomic molecule is a superimposition of 
3JV— 6or3N— 5 linear harmonic oscillations. The eigenvalues (energy states) 
of each of the 3N equations are given by: 

(1-103) 


where n<=:0, 1, 2, ... is the vibrational quantum number, and v' is the 
frequency of the oscillator. The total vibrational energy of the system is: 

B(»i. »!• 0 )=Avl j i»i-+ Pj+ “J+- • (1-104) 

The corresponding spectral terms are 


G(i»j, v„ t»„ ...)= 


H(P|. Pj. Pj.-) 

l\C 


(1-1U5) 


If one writes 




(1-106) 


one has 


G(»i, 0|, Vf, ...)=ci>i|pi+~ "j+w, I — j-j-... (1-107) 

is the classical vibration frequency in cm~^. To take into account degen- 
erate vibrations, the above equation can be written 

G(Pi. B|, ,...)=Sui| «'i+ y) ’ ( 1-108) 

where dt is the degree of degeneracy (in the ca.He of nondegenerate vibrations 
d|=l). The zero point energy is 

G(0, 0, 0, ...)= ■- Il)l+ — 6ig-|-..> > 

22 2 


(1-109) 
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For polyatomic moleeales this energy can be fairly large. The vibra- 
tional energy is often expressed with respect to the lowest energy level (aero 
point energy): 

•■•)*GfO|, Og. i^gy i.i) -"G^Of Oj 0^ I..)*® 


=:caiVj+U|V|+><>s<'i+"> (I-llO) 

Figure 1-41 shows a part of the energy level diagram for the simplest 
case of a triatomic molecule. The levels m the first series correspond to 



U,V, WfK; Uj*UiV, UftUfV, UitU,!^, UftUjVj 2Ut*Utli U,**V(S 

Fig. Ml Vibrational leveli of a triatomic raolrcnle [lb]. 

Oi=?0, 1, 2, 3, 4, 5, 6. For each of these values the other two quantum num- 
bers 0, and Vf are equal to zero. The distance between two consecutive levels 
(which is constant) is 1. The levels in the second series correspond to 
V|=0, 1, 2, 3, 4, 5, 6, 7, 8, 9. For each of these values the other two quan- 
tum numbers Vi and a, are equal to zero. The distance between two conse- 
cutive levels is fi)|. In the third series, takes values from 0 to 16 and i>| 
and Pg are equal to zero. 

Obviously, the distance cOg between two consecutive levels is constant 
since in the example chosen the vibrations are considered linearly harmonic. 
Figure 1-41 also shows energy levels of several series where, for a number of 
values of one quantum number, the other two quantum numbers are not equal 
to zero; for example, in the, fourth series, takes the values 0, 1, 2, 3, 4, 5 
and 6. For each of these values Pgsti and Pg^O. 
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It ean be seen that the eneigy level diagram of a polyatomk moleeale b 
much more complicated than in a diatomic molecule even if the oscillations 
are harmonic. 

In the interaction between matter and infrared radiations, the transitions 
between various levels (absorption or emission) are determined by the simnl- 
taneous diange in dipole moment (this is the coupling mechanism in the 
resonance phenomenon*). The normal vibration modes, resulting in a simul- 
taneous change in dipole moment, are active in the infrared. Vibrations which 
do not fulfill this condition are infrared inactive. Obviously if it does occur, 
the change in dipole moment has the same frequency as the vibration which 
generates it. For a normal vibrational mode to be infrared active, it is necessary 
and sufficient that at least one of the three components, Mx, My, M,, of the 
dipole moments change. In the case of polyatomic molecules, this does not 
necessarily imply the existence of a permanent dipole moment, as in the case 
of diatomic molecules. The periodic change in dipole moment may involve 
only its direction or both its direction and its size. 

In asymmetric molecules, any vibrational mode involves a change in dipole 
moment. When the symmetry of the molecule (i.e., the symmetry of the vibra- 
tions) increases, there are fewer possibilities for the dipole moment to change. 
Totally symmetric vibrations are not accompanied by changes in dipole 
moment (sec example Vj in Fig. 1-24). This does not mean that any molecule 
witli a certain degree of symmetry must have vibrations which are inactive 
in the infrared. In the case of the water molecule (Fig. 1-36), for example, 
all three normal vibration modes are accompanied by a change in dipole 
moment and are infrared active. The data in Table 1-11 concerning the activ- 
ity in the infrared of various vibrational mode.s are based on the comparison 
of their behavior with respect to the corresponding symmetry operations and 
changes in dipole moment. This comparison has shown that a vibration is 
infrared active only if it behaves with respect to all possible symmetry opera- 
tions for the given molecule the same way as at least one of the compon- 
ents of the dipole moment. In other words, in order to determine whether 
a vibration of a given species is active in the infrared, it is sufficient to know 
whether at least one of the components of the dipole moment belongs to 
the same species; for example, the molecule C 4 l'l 4 Br 4 (page 86 ) belonging to 
the point group Ciy can have five species of normal vibrations: Aj, A|, Bi, 
Bf and E, The data in Table 1-12 show that the components of the dipole 
momeut in this point group belong to the species E(Mx, My) and Ai{Mg). 
Therefore only the vibration modes of species and E are active in the 
infrared (see Table I-ll, point group € 4 ,). 

A special mention has to be made with regard to vibrations in point 
groups having a center of symmetry, for example Gn (see Table 1-11). All 

* llie phenomenon Is comparable to the enersy exchange between a vibrating tuning 
fork and an identical tuning fork which is not vibrating. The second tuning fork also starts to 
vibrate. 1 he resonance condition (equal Irequencles) Is obeyed. The energy exchange is possibly 
due to the coupling mechanism uf the air. 
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0 )Od<^ti active in the uitrarcd (anluynunotric with resficct to t) urc inactive 
in Kamnn and all modes active in Kaman are inactive in the infrared. This 
lb the rule of niuluul LMilmio/i. The \alidity of this rule in the ease of one of 
the two dimeis of ejcluhutadiene (Fig. 1-42) was one ut the mam arguments 
in assigning it thi anti roniigurntion. The ruk of mutual exclusion does not 
imply that all transitions that 
arc forbidden in Hamau occur 
in the infrared and vice versa. 

Some transitions are forbidden 
in both. 

Thus uiiraied spectra oi 
■my molecule have u immbei 
of hnidamenial bonds whost 
frequencies are lliose obtained 
by the solution ol Ihe spuilai 
eqUiUion (I-lOl). I'm le.isoiis 
^ho\Ml above, not all fuiul.i 
mental trequeneies netur in the 
inirared spectrum. Tlie theo- 
letical speciriiin nt a molecule 
iua\ be obtained Iroin (1-107) 
by applying the selection 
lulcs of the quantum theory 
whieh allow onlv transitions 
where 



(ft nil 


1 ID 1 u 

ml lf>) ttf/i - •s\iniiiLlj\ in Inn tin [1 JUO 
otliiiJii lie -1,7 


Ai>,=- I (1-111) 

In the approMintiliuii iii (I-1U3)tu(I-l10), mie rmisideis that each harmo- 
iiu oscillator is independent. This means that ihe wase number of each 
band is 

V (0,. (1-112) 

The seleetiuii lulis ubUiiiied by meuiis oi quantum lucehaiiiis show that 
the symmetry propeities ol the dipole moments ore indeed essential in deter- 
mining Ihc aetivily m the infrared of Liu* iinrninl (luiidomeiilal) \ ibratiouul 
inodes. 

I. iViiliariuoniriiy and iiilcraeliuii of \ibralioiis. ihcrtoncs, eonibinatlou 
, baiidst Siiue vibrations aie auhaimonie, inlraied spectra ol polyatomic mole- 
inles shoyy overtones, 2 vi) llv,, the .same as those ot diatomic molecules 
(see page <ll). Combinalioni vji-v/, v*. 2 v,- v*, 2 vji v,,vii- vj-v( ... 
are also possible. The intensity oi uvcitoiu* and combination bands is generally 
inueh lower than that ot lundamculal bands. Whenever possible, the identi- 
firution ol these bands is important in the \ibratioual analysis of a molecule. 

Forini rcaoiianee. It may haiqien Ibal m a polyntomu molecule two 
dilferent vibrational levels (or enmbiiiatioiis ol \ ibratioms) ma\ h.ive iieurh 
the same energy . In other words, they may be acridinlullij dtiftiwaU. II these 
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vibrations belong to the same species, a mutual perturbation of tbe energy 
levels may occur, resulting in a shift of one of them toward lower energies 
and of the other toward higher energies. The phenomenon may be aeeompanied 
by a substantial increase in intensity of the respective bands and is called 
Fermi resonance because Fermi was the first to notice it in the carbon dioxide 
molecule. 

The infrared spectrum of carbon dioxide shows two very strong bands, 
at 667.3 and 2349.3 cm~^ assigned to the fundametals v, (species 11^) and 

V, (species Sj*), respectively. 
^ ig The Raman spectrum should 

^ ^ show a single strong band 

^ - • ■ ■ ■ ^ '^g at 1337 cm“^ corresponding 

to the fundamental (spec- 
ies S^). Surprisingly, two 
. strong bands are observed 

Wu ( J2g5 5 ,3gg 3 

The mean value (1336.4 
rm~>) is very close to that 
normally expected for the 
Zg — — — ( ooq) first overtone of the fun- 

damental V, (2 x 667.3 = 
Fig. 1-43 Fermi reMiumic ID the carbon dioxide niolcciili =1334.6 cm"^). Since the 
The levels which shift as a result of the perturbation energy level of the funda- 
are shown by dotted lines mental Vi(0t=l, P,=0, 0,= 

=0) is very close to that of 
the overtone 2v| (0^=0, 0|=2, P|=0), a Fermi resonance takes place, resulting in 
a shift of the first level toward a higher energy and of the second level toward 
a lower energy ^ig. 1-43). The intensity ratio of the two bands is 1:0.59. 
Each level occurring as a result of the interaction is a combination of the 
two levels involved in resonance. Actually, the overtone 2v, consists of two 
sublevels, 1+ and Ay. Only the first one can be perturbed, since it has the 
same species as the level of the fundamental V]. The transition between the 
level of the fundamental and the level Ay is also allowed in Raman. How- 
ever, since it is not perturbed, it has the very low intensity of an ordinary 
overtone and is hard to detect in the spectrum. 

As a consequence of the resonance v^— 2v|, there are other perturbations 
between higher levels (overtones or combinations). 

Several examples of Fermi resonance are given in the sccor'i part of 
this book. 

m. Qtarncteristie group frequencies. By comparing spectra of a large 
number of organic compounds, it has been observed that the presence of cer- 
tain types of bonds (e.g., 0— H, N-II, =C— H, II, G=C, C=C, etc.) 
in various molecules may be correlated with the constant occurrence of absorp- 
tion bands in tiie infrared whose positions are only slightly altered in going 
from one compound to another. Thus one can assume that the atomic group 
vibrates independently (has its own frequency). These frequencies are called 
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eharaeUriitk group frequiitcies. This notion is in contradiction with the theory 
which states that an infrared aisorption is due to a normal active vibration 
involving the vibrations of all atoms of a molecule. However, the contradiction 
is only apfiarent, A chemical bond, for example the C— H bond, has practically 
the same electronic structure, i.e., the same force constant in various molecules, 
provided that the molecular structure in the vicinity of the bond is similar. 
Assumimg that the influence of the rest of the molecule is very small 
(see below), one may consider that the normal vibration is localized in the 
respective bond and is determined by the force constant and the mass of the 
atoms according to Hooke’s law; 


f-r 

2itr I (ji / 


(M13) 


where v is the wave numbei, k is the lorce consLant of the bond, and the 
reduced mass of two atoms; for example, in the case of a simple bond, the 
value of k is of the order 5 • 10* dyne/cm. If one assigns this value to the force 
constant of the C— H bond and introduces the atomic masses of carbon and 
hydrogen (19.g* 10”** g and 1,64 • 10”** g, respectively), (1-113) gives for 
the frequency of the G— H bond the value 3040 cm”^, comparable with experi- 
mental values (2850 -2960 cm”*) for ClI, CH„ and CH, groups in alkanes. 
The differences arise from the fact that vibrations oi each group are more or 
less influenced by the structure of the molecule in the immediate neighborhood 
of the bond. If the frequencies were absolutely free from any influence, the 
infrared spectrum would tell us only whether a certain atomic group is or is 
not present in a molecule. However, since the force constant of a bond chan- 
ges with Its electronic structure, the resulting characteristir shifts in vibra- 
tional frequency enable us to gather more information with regard to the res- 
pective bond. 

Frequency shifts generally result from mechanical oi clecironic effecU. 
Mechanical effects arise from alterations in masses or from coupling of vibra- 
tions of adjacent bunds, lliey do not nilect the force constant of the bond. 
Electronic interactions may affect the form and frequency of vibrations only 
by altering the individual force constants as a result of alterations m electron 
density due to eonjugative or inductive effects. 

These effects are transmitted through chemical bonds. In some instances 
ileric effects may occur, resulting in either the hindrance of electronic effects 
(e.g., hindrance of conjugation in 2, 3, 5, G-tetramethylacetophenone, where 
the CO group is forced from the plane ot the aromatic ring by the substituents) 
or in polar effects transmitted through space (e.g. in K-bromocyclohexanonc 
with an equatorial halogen, the frequency of the caibonyl group is 20 cm”* 
higher than in unsubstituted ketones; w'hereas in the compound with an axial 
halogen the frequency shift is no largei than 2—3 cm”*. The increase in fre- 
quency when the C-Hal and G=0 bonds have a parallel orientation is attri- 
buted to a dipole-dipole interaction transmitted through space, or in otther 
words, to a field effect). It should be pointed out that electrie effects some- 
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times result in a substantia) increase in intensity of the hands arising from 
the affected vibrations. 


r' 


■— I 


(a) 


(b) 


Only in rare instanees is it impossible to distinguish between mechanicul 
and electronic uilevactions. One .such case is hydrogen bonding* which seems 
to involve n combintiLiuii ol both interaetions. Actually, hydrogen bonds have 
to be considered separately. 

The simple example ol the IICN molecule enables us to define clearly 
the notions of f/roH/i frequewtj, shvlching vihmlion, and dcfomalion Dihniion. 
We recall thnl a noimal vibration lias to jirocecd in surh a way that it does 
. not alter the position of 

o- M, !Lc center of gravity of 

the luoleeule. The direr- 
* 1 1011 and .size of the vec- 

tors lor a given freqiien- 
e\ aie determined b\ 
tile mail, of the aloim, 
the force rom/n/ifc, and 
the bond unglrs. Obvious- 
ly. the lightest atoms 
ha\e the hugest ampli- 
tudes. Thus the vj mode 
(Fig. 1 -IIh) i.s eliaracLcr- 

ized by the almo.sl exclusive vibration ot the hydrogen atom with respeet 
to the CN group, vhieh is practiealh motionless. The iiequene) oi sueh a 
vibration is giseii approximately by (1-113) since il is characterized b\ Ihi 
presence of a single restoring ioree. The mode Vj is a tyiiieal example ol 
group frequency. It is to be expected that all compounds with a II (, -X 
group (where X is the heavier, mono- or ])olyatuinic pail oi the molecule) 
will have a normal vihrutioii mode eharaeterized by the oscillation of the 
hydrogen atom linked to the rest of the molecule through u caibun atom. 
Such a vibration mode is called, according to Meeke, a valence wibiahon since 
it cun only take plaee in the valence line ol the particular bond. If one now 
ronsidei's the mooes Vj (21)8!) ciu”*) in the molecule IICN (Fig. I- 11a) and 
V, (2200 em“^) in the raolceule CICN (P'lg. 1-116), one can easily see that one 
is dealing with (iN oalenie iiibralionf,, since m the first case the atoms C 
and H arc di.splnced together in opposite direction with respect to the displu- 
remeiit of atom N, whereas in the second case the atom Cl is practically 
motionless. Another name for valence vibration is bonds li etching or simply 
stretching vibration. Its .symbol is the letter v followed liy the corresponding 
group (e.g., vCII). 


Fi{(. 1-44 Noiinul viliidlum luoclrs of inoluuli' 
(a| III N .inil (ft) ULN. 


Vibrations vg in Fig. 1-41 a and 6 arc eharaeterized by tlie alteration of 
bond angles. For this reason they were called deformation vibrations. Their 
symbol is S, (e.g., SCIl). If the vibration of the dipole moment is perpendicu- 
lar to u main plane (e.g., the plane ol the molecule) the deformation vibration 
is called y; if it is parallel to this plane, the notation 8 is maintained. 
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la many instances the concept of group frequencies is meaningless. This 
must be kept in mind in order to avoid erroneous conclusions. The main rea- 
son is coupling of vibrations arising from adjacent bonds. For example, if 
the stretching vibrations C— II and in IICN were isolated normal har- 
monic vibrations, they should obey Hooke’s law (1-113). On substitution of 
hydrogen with deuterium the frequency of the CD bund should be smaller 
than that of the ClI bond (ratio vCfl/vCDa: i 1) and should occur at 2430 cm~* 
while the frequency of the C_::N viliration should remain michunged(208d cm'^). 
.Actually in DCN the corresponding frequencies are 2(520 and 1906 cm“*. This 
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means that vibration Vg i>s uffeeled not only by llie ma.ss ul the atom 11, 
;ind that vibration V| is not tolally independent oi the mass ol II. To some 
extent the two vibrations are coupled. The coupling procesh can be better 
described in the rase of acetylene (sec Fig. l-t.*)). The mode vi is .i symme- 
tric vGH vibration, the mode Vj is 

Ttiblr I- 13 FrequMirli'). ol ^Irrlehlnn 
^Ibraliniu 111 und (^0, 


an asymmetric vCH vibration, and 
the mode v, is the C~C stretching 
vibration. The frequencies of these 
viliratioiis are shown in Table 1-1 3 
along with the corresponding fre- 
quencies in C|Ot. It can be seen 
that in the case of the vCH a- 
symmetric vibration, the isotope 
effect is close 1u that predicted by 
theory for the harmonic oscillator. 
In the case of the symmetric vibra- 
tion the effect is much smaller; 
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the v(^C vibration is also affected. This shows that the inodes vCaC and 
vCH sym are coupled whereas vCH asym is almost totally independent. 
This selection in the coupling of vibrations is because only pibrations belcng~ 
ing to the same symmetry species can be coupled. In the given example, the 

coupled vibrations (v^ and v,)have both symmetry, This shows that 
group frequencies must be interpreted with caution. 

Generally speaking, there are two categories of group frequencies: fre- 
quencies arising from the vibration of a very small atom (H or D) which 
are only slightly affected by the structure, and vibrations of the rest of the 
molecule. The highest frequencies belong to X— II bonds since the force 
constant of these bonds does not differ much from that of other simple 
covalent bonds (X— Y) whereas the reduced mass of the atoms X and H 
is considerably smaller. In the infrared, the highest fundamental frequency 
(3950 cm~*) arises from the H— F bond (the II— II bond frequency can he 
observed only in Raman, at 4400 cm~^). The frequency decreases with 
increasing atomic weight of the halogen. IICI absorbs at 2900 cm"^, HBr 
at 2650 cm~^ and HI at 2309 cm~^. 

In X— D bonds the isotopic shift is entirely due to the mass effect since 
the force constants (electronic structures) of X— H and X— D bonds are 
practlcallv equal (see page 54). Equations 1.113 and 1.22 give 


vX-D 

[2 {-m 

mX-H 

.2 f2mj 


(M14) 


where m is the atomic weight of X. For 0— D, N— 1), and C— D, the calcula- 
ted shifts are Vl.89, and \/l.8G, respectively (ca. V2). As shown, 

the shifts observed on substitution with deuterium arc smaller than expected. 

In the case of X— Y bonds, where both X and Y arc heavy atoms, the 
increase of the reduced mass results in a substantial decrease in frequency. 
C— C, C— 0, and C— N bonds absorb lu the medium frequency region, contri- 
buting to the complex pattern nf spectra of organic compounds between 700 
and 1500 cm"^. 

The force constant ol X=Y double bonds is approximately twice as 
large as that of simple covalent bonds. Consequently, frequencies of the C«C, 
Cs=0, CaN, and N=0 stretching vibrations lie in the range 1500— 
2000 cmr^. The electronic structure of X=Y bonds is very sensitive to induc- 
tive and conjugative effects. As shown in the second part of this book, small 
shifts in characteristic frequencies arising from these groups can be interpreted 
semiquantitatively as alterations in the double bond character. 

In X=Y bonds the force constant is approximately three times as large 
as in simple X— Y bonds. This results in an increase in frequency above 
2000 cm~*. C=C and C=N absorb between 2000 and 2300 cm~^. The 
coupling of bonds with large force constants is much smaller than in the case 
ol other bonds. 

Having much smaller force constants, deformation modes X— H and 
X— Y give rise to much lower frequencies than stretching vibrations. In 
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IL generftl, SGH bands occair in the region 650-1Q50 eoT*, overlapping wiHi 
X-’Y itretcliing node bands • In many instances resonance phenonena oeenr 
between vX— Y and EX-H vibrations vrith practically coincident frequen- 
cies. This complicates even more the interpretation of inltared spectra in 
the respective region, but at the same time the pattern that arises ib charac- 
teristic for each compound. 0— H deformation vibrations give rise to fre- 
quencies between 1200 and 1400 cmT^. NH deformations occur above 1500 cm*^. 

Figure 1-46 shows the approximate limits of the principal group frequen- 
cies. X— Y deformations give rise to very low frequencies (below 500 cm"*). 



Pig. 1*46 Approximate llmiU of the principal characteriitlc group trequenclea. 


Another type of characteristic frequencies arises from sktklal vibrations-, 
for example, in benzene all six carbon atoms are involved in vibrational modes 
which are not localized in a certain bond. Ring substituents do not alter 
substantially the skeletal frequencies. Isopropyl, isobutyl, and tert-butyl 
groups also have characteristic frequencies. 

More details on characteristic frequencies of the principal classes of 
organic compounds discussed in this book are shown m Appendix I. It 
should be pointed out that the conventional assignment of vibrations to 
two categories — strelching and deformation — although very useful in the 
description of vibration spectra of organic compounds, is not always ade- 
quate. In certain instances the rigorous differentiation between stretching 
and deformation vibrations is precluded by coupling effects with adjacent 
atoms. This is generally the case with internal groups, which in contrast to 
tcminal groups cannot be treated strictly in terms of the classification stret- 
chinjf-de formation. 

4. Rotation-vibration spectra of polyatomic molccnlos 

In polyatomic molecules (with large moments of inertia), the separations 
of rotational levels are too small to be resolved. When they can be observed, 
the rotation-vibration bands of these molecules actually represent the fine 
structure envelope of branches P, Q, and fi. 
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Kraiiches P and R correspond lo various values taken by the Mbration* 
al tiuaiitumj number when the lotational quantum number inercases i»r 
decreases (see rotation-vibration spectra of diatomic molecules). Branch Q 
corresponds to variations of the vibrational quantum number unaccompa- 
nied by changes in the rotational quantum number. The form and intensity 
nf branches P, Q, and R tire determined by selection rules based on the 
symmetry ol the vibrations and on the ratio of the moments of inertia 
about the three principal axes of the molecule (.1, R, Q. In other words, 
the contour of rotallon-vibralion bands is elosels related lo the .symmetry 
nf the molecule. 

In contrast to diatomic molerules, linear polyatomic moleeiiles (/ 1 — 
. 1 . 1 , Iff—If) may have deformation vibrations in nddilinn to stretchiug 
vibrations. Stretching Mbratiuns with a Iransitinn moment in line with the 
axis of symmelry of the molecule are called parallel vilirnlions and the cmies- 
pumUng]ab.sorptioii bands are called pauiUel hund’i. These bands are rharactci- 
ized by the presence of P and /? branches and the alisence ol the () branch 
since linear polyatomic molecules (akin to heleioimcle.ir diatomic moleiii- 
les) do not base odd eleclions that would gisc rise to an angular momentum 
about the axis (see band Vj in the spectrum of carbon dioxide, b'lg. 1-17cr). 
Conveisely, pcipindiriilar hanth (corresponding to defoiniation vibiaiions 
with a transition moment perpend iru far to the axis nt syinnieliy ol the 
molecule) show a Q biaiicli associated with the angulai momciitum'aiising 
from the motion ot the mirlei ]U‘ipeiidiciilai lo the axis ol svmmetrv (see 
band Fig. I-l7/i). 

The methane molecule is an example ol u spheiir top (/ | //, /( ) 

The only inlrared active speiies ol Mlmitums (see Table 1 . 11 , point group 
Ti) is the species Fg with stretching vilirations Vj (H 020 ..'{ cm~’) and defoi- 
mation vibration (1!106.2 cm~‘). The rolatioii-vibrution bdiids «il tlu spher- 
ic top have the same structure as the pei'peiidirulai bands in liaeai niole- 
pules. The rotation-vibration band V 3 in methane is .shown in Fig. I- I7c). 

Benzene and methyl chloride molerules arc examples ol i>ijminelnc laps 
-ff')- If f-hP two equal momeiils are smaller than the thiid one, 
the molecule is palled prolate .sijrnmelne top. This is the ra.se of benzene. 
If the two equa' moments aie huger than the third one, the molecule is 
railed an oblafr lop. This is the case of methyl chloride. 

When the change ol the dipole moment takes place along the pnneipnl 
axis of symmetry', the vibration and the rnrrespondiug absorption baud nie 
parallel. When the moment is oiienteil pei pendieului to this axis, the vibia- 
tion and the cnrrrs])onding absorption baud are perpendicular. 

In the case of the symmetrir top lii/hrid bands are possible, hasing on 
one hand a parallel rhaiaeirt and on the other hand a peipendiculni eharaclei. 
Depending on the seleelioii rules valid in these insLaners, a number ol ,suh- 
ftamfs raav arise, called Pp, l\f, Pji, Qp, Qq, Qp, Up, and Rp. When 
they can be obtained, lUe envelopes of these bands are (omplieated. The 
parallel hand of a prolate syinmelne top is roughly similar to the perpendi- 
cular band ol a linear molenile. In perpendicular bands the unresolved series 



INrHARiD SPLCTRA 01 P0IVA^0^^f‘ MOLinJltS 


105 


of lines Qp, Qq nud Qn, maj appear as stronger bands than the udjacent tinea. 

Most molotulcs are best represented by the rai/mmelric lop {lA<h<Io)' 
The observed bands arc of type A, B, oi C, depending on the orientation of 
the transition moment ivhich may be m line iMth the avis of the smallest 




1 Jg T 17 Bnt lUoii mJ)] Uioii piiLi i 

(a) imalkl Inmt v. in the spretnim »t rirbon ilioxuk, «») pirpiniliiular band in Uie spectruio 
fif 4 irbon rlioxldi , fr) v, biiiil In Ww spirlnim nF irn^tlnni* 


medium, oi largest moment of iiieilia, uspcltl^el^ Hybrid bands aie more 
likely to appear m this inse than in aii\ other t>p( of molecule. 

Oenerally speaking, it is not the si ope of inganu ihinustiy to interpret 
rotational-vibratifliial fine stnictuies. IloMcver, the .uialvsis of such bands 
m small molecules uas very important in the determination oi some eharar- 
teristic group Ireqnenries. 
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5. Holeealar Wbratioiu in lipids and solids 

Infrared spectra of compounds recorded in the liquid or solid state are 
very different from those recorded in the gaseous state. This is primarily 
because of collisions and interactions of molecules which are the stronger the 
smaller the distance between the molecules. The first noticeable effect is the 
disappearance of the rotational structure of vibration bands; for example, 
in the case of hydrogen chloride (Fig. 1-48), the increase in pressure results 
in a progressive superimposition of lines belonging to the fine structure. 
At 45 atm., one can observe only the contour of branches P and R, and 
beyond the critical point the two branches are very difficult to observe. In 
the liquid phase at — 45*’C, only one band is noticeable. Its strongest absorp- 
tion occurs at a slightly lower frequency than the origin of the rotation- 
vibration band (v^) of the gas at normal pressure. This shows that the HCl 
molecule in the liquid state does not have quantized rotation states. With 
very few exceptions, (e.g. H^), this observation bolds for all molecules iu 
the liquid state. In some Instances, a rotational structure of some vibrational 

bands has been observed in spectra of 
solutions (e.g., ammonia in water and 
water in carbon tetrachloride). In the 
solid state (again with the exception 
of hydrogen), the quantized rotation of 
molecules could not be demonstrated 
spectroscopically. 

Vibrations ol molecules can take 
place both in the liquid and solid sta- 
tes. Two kinds of changes appear in the 
vibration of molecules in going from 
the vapor phase to liquid or solid state: 
(a) frequency shifts and (b) the occur- 
ence of new bands. Frequency shifts 
are generally small (below 5 %) between 
vapors and liquids. Sometimes they 
may become larger in solution. A char- 
acteristic example for the occurence 
of new bands is the fonnation of dimers 
and polymers by hydrogen bonding. 
In the case of confonnational isomers 
(in molecules with internal rotation), 
infrared spectra sometimes become 
simpler when recorded in the solid state in which one of the conformations 
is energetically favored. As shown above, vibrational spectra of free molecules 
in the gaseous state are strictly dependent on molecular symmetry. The same 
criteria may be applied to the interpretation of spectra recorded in the cryst- 
alline state. In this case the number of molecules in an elementary cell 



Fig. I-4B The bud of the tint overtone of 
hydrogen chloride In gueoui etnte (G) and 
liquid state (I.) at varioui pruniret and 
temperatnTei. 




INFRABED SJ^CIKA OF POLYATOMIC MOLECULES W 

play* tto I'ole. Nuclear motiona in eryatah may oecnr either within 
the vibrations of Ihs lattice (where the moleeulea are eonaidered rigid) or within 
the vibrations of the molecules (coiresponding to vibrationa of moleeulea, 
but affected by the intermoleeular foreea of the elementary cell). The differ* 
ence between the apectrum of a molecule in the cryatalline atate and that of 
a free molecule ia greater, the higher the polarity of the molecule. 

IWhile vibrational apectra of gaaes and cryatala can be interpreted by means 
of well-eatabliahed (though complicated) criteria, vibrational spectra of mole> 
cttlea in the liquid state cannot be completely analyaed. This is primarily 
because selection rules are no longer rigorously valid since, to a certain extent, 
the molecule loses its symmetry properties as a result of intermoleeular inter* 
artions. 

6. Photometrie Delinitiona, UnitSj and Nomenclature. 

Absorption Laws* 

When a parallel beam of monochromatic light of wavenumber v passses 
through a sample in a cell of thickness I (Fig. t-49), the radiant intensity 
of the incident beam will decrease to a final value I, as a result of refleo 
lions at interfaces between the various media, diffusion phenomena, absorp- 
tion by the windows, and absorption by the analyzed sample. The ratio of 
transmitted to incident radiant intensity (/,//|) is called franamfffonce t(T). 
If only absorption by the sample is considered, the ratio ///q is called inter- 
nal transmittance t (T). The ratio of absorbed to incident radiant intensity, 
(/o— /)//o, is called absorptancef(x). In most photometric measurements, 
we consider per cent transmittance: % Ts>l00 T=100{IfI„) or (less commonly) 
per cent absorptance: %*=100(/o— /)//o. 

a. The LamberlpBouguer Law. Lambert and Bouguer have shown that 
absorption of monochromatic light by a homogeneous, isotropic sample 
depends on the radiation wavelength and the nature and thickness of the 
sample. Loss of radiant intensity after passing through a layer of infinitely 
small thickness df is proportional to the radiant intensity of the incident 
beam and the thickness di of the layer: 

-d/o=6J#di. (1-115) 

* The Icimg marked with a dagger, and their associated symbols are reeomineiided 
by the Internationa] Union of Pure and Applied Chomlslry and are discussed In the uMnnutl 
of Symbols and Termmology for Physicochemical Quantities and Units” (Pure and Applied 
Chtmutrfi, Vol. 21, No. 1 (1B70)) Symbolism and terminology In thn field havo long boon 
confused and practice has differed In Europe and North Ameiica. The new lUPAC recom- 
mendations attempt to achieve a wider conformity extending to contignoos fields, of eoUcem 
to the Commisfam on niumlnation and International Electrochemical Commission, as well 
as to spectroseoplsts. ^ 

lUPAC also recommends that v be used for frequency (herts) and v for wavemimber 
(cm—*). It Is, however, a common practice to use v tor wavenumber where no ambiguity 
with frequency Is to be anticqiated; this Is true tor most qiplications of Infrared spectro- 
photometiy to organic chemistry and this practice will be followed In this text, apart from 
this section. 
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Thp propoitionality conslsinl h, called the Napirrian absorption eoeffloL v/* 
is a characlciiiitic pioperty of the sample at o given uaveuumbcr and is inde- 
pendent nt sample size. Integration of (1-115) between the path length zero 
(when radiiiiit intensity is /„) and 1 fwhcii radiant intensity is I) gives 

-ftC'd/ (M16) 

• •'0 
and 

In y/V-ln l„//---ln 1/7’- bl^Ii, (1-117) 

where B is the Napierian absorbance. The 
Napirrian absorption rotfjirieni b^Bjl. 

Equation (1-117) may be written in its 
e\poneiitial form: 

losing decadic logarithms gives 

/-/„!() «' (I-ll'J) 

where a is the trlrrudic) absorption coefficienti* 

(a=- 0 . 4373 / 1 ; ft 2.303 h). Equations (1-118) 
and (1-119) show that the Napierian ab- 
sorption loefficient ft and the (decadic) ab- 
sorption coefficient a are the reriproeul of 
path length / when rad unit intensity decreases 
to 1/p (cj. 37';f,) anil 1/10 respectively, 
of the initial value /q. The exponent at m 
Equation (1-119) is the (decadic) absorbance t 
(.1)^, this quantity is known as optual 
density (01)) 01 eiiinction (K)**. 

Fig. 1-40 Loss of rudiunt Inti'iisily «I ‘1 ’^77) h- at logi.||(7(|/7) logio(l/7) 
a monochromalic beam on paisinp (1-120) 

through an .thsorption eill with u 

iMih iciinth /. I). Bear’s Ian . In 1 852 Beer showed 

that absorption depends on the number 
of molecules interacting with the electromagnetic radiation. Thus, the 
absorption coefficients ft and a rompletely characterize the absorption 
properties of n malerial in the .solid or liquid state (w'here the number 

* This quantity is olsu Known in spctlrochrinlsliv ns absnrpfwily or extinefton coef~ 
fielent, 

** The term extinelion Is now mtcrimiionallj recommended for dilliision of radiation 
and not for absorption. Hip term absorbaticf is inrrrasingl} brini; used ami tends to become 
a standard Jnlematiunal name sinrr. on one hand, its root gives a direct chararlerization 
of the main process taking place and, nu the oilier hand, its suffix confonns to a wldely- 
uied convention wliere anee expresses a property of a siibstanre or an instrument (e.g., induc- 
tance, relurtnnec, impedance, etc.). However, throughout this book we shall continue to 
nee the term molar exilnefion eorfficlenf foi the quantity e 
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of moleroleh is coostaat) but not those ul bolutio&h, mixtureti, or gases 
(where the number of molecules m a given volume may vaiy os u function 
of coneeiiltotJon or relalue piessurc). In the IrtUci eases, e6tal>lishment of 
a relationship betnocn roncentrutinn i ul the iuiol^zed .substance and the 
ronespondmg absorption is iiuessaiy. Siiuc iiuriei the previously des- 
rribcd conditions (monochiomatic indiation, noimal lucidenee, homogeneous 
sample), the number of molecules respousihle loi obsorptiun is direelly 
proportional to the conceiitiation (or piessme) ol the subslanic, the lolloping 
lelaUoiis ran be am it ten 

0 cr (M21) 

A-Ar, (1-122) 

These two equations .iie known as llcti’s hn' : is llir tnolnr {decndti) abiorp- 
/lon (nfffi<ienl*i 

c \<l (1-1210) 

/, IS Ihe molar Napunan nhuirphon anffiritiil 

A JJtl (l-122«) 

wheie (onientialiuii ( is exiuessed in mn/r pei liUi** and path Unglli I is 
ixpirssed in cm The diinensions of c aie / nioh ' i/ii • Tor a given wavc- 
iiuinber, llie molar ahsorplion loelfiueiil''"' ' is a ih.iiadeiislii conslant of 
Ihe siihsLaiiie, and is independent ol Ihe lomeiilialiim 

Cnmbimng the T.ambei l-Honguei law with Heei s law, we ohlain a single 
expression for both laws known as Ihe l.ainheil-Heci law*** **** ’*'. 

>1- U.g,„(/ c(l IH23) 

Beil s law IS not iinnersall) applieabk. Generalls speaking, it is applicable 
lo very dilute soliilions. An inrrcase in loncenlralioii innv lesult in various 
inoleeiilai associalioiis (solule-solute and solulc-solvenl) This makes e eon- 
(entration dependent Deviations Iroiii Beei s I iw also occur because the 
incident beam is nul ngornusl} monnchionirilii . Dus is due on one hand to 
scattered radiation and on the oilier, to llie liiiile speelral slit wicllh. l^or 
Ihis reason the degree of ueciiracy iii luc.isuicmenls cd absorption coetficient 
also depends cm the shL width. Thi .ibsoipliuii loeiriiienl is also Icinperulurc 
depenclcnl. 


* llki hnn rnultti abmplmli/ is wulih ii<iiil an alUiiuik U molar abioipUuii coef- 
Iiiiritl, hut It must br noted that in the 11 TAk sssirm Ihr Iciin ubsoiptivity has brin 
arcc|it(4l iiilcrnaLioiialh to inian absoqilaiiit pu imil liUntli (sii. lootuolc on pagf 107). 

'** Ihp litii IS lo In rigaickd as a Irisial nanu for dm* I’lioi lo ICIliJ the liter was 
diliord as 1 000 OiN dm*, hut was irditiiuil m llial siai I > tin C,onieiiiue Iniuiale dcs 
l*oids Ll Misuiis as J 0 dm* cxaitl} 

'*** This constant is also lalUd speeifu absmbami sin i its salue is Uiat of absur- 
haiicewlienbothroncintratioii andpatli linglli an mills Otlni namisnii speu/ir alaurption, 
abiorbancf iiufea, Buium rotffirttni 

**** Actually, the Lambert Boer law (I-12J) is a result of contributions made Iq Bou- 
gucr, Lambert, Bunsen, Roseoe and Bcci However, when specliosiopy is applied lo che- 
inisliy, WL arc primarily concerued with the dipiiulrnu ol absoiplion on i uiiieuliallou For 
Ihis 1 lason the general teiidtm> is to call Ihe law simply Ih ii s I iw 
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7. FnMnialhia oi infrared Speetra 

The record of the spectral characteristics of a substance as a function 
of frequency or wavelength of the interacting radiation is generally known as 
a tpeclram. The nature of the measurements and the region in which these 
measurements arc performed are defined in a specific way. For example, a 
spectrum obtained by measuring the emission of a substance at wavelengths 
between 400 and 7G0 nm is known as the vitible emission spectrum of the 
substance. The spectrum obtained by measuring the absorption of a substance 
in the ultraviolet region is called the ultraviolet absorption spectrum. Reflection 
spectra can be similarly defined. When molecular spectroscopy is applied to 
organic chemistry, it is more general to measure absorption, and the results of 
these measurements are commonly called ultraviolet, visible, or infrared spectra. 

Brief descriptions of the various ways of presenting infrared spectra 
(see Fig. 1-50) are given. ^ 

The abscissa may represent waveilength X, frequency v, or wavenumber v. 
The wavelength is measured in micrometers* (pm). The frequency unit is 
the hertz (Hz) and the wavenumber unit is the reciprocal centimeter (cm~^). 

The ordinate may represent per cent 
transmittance (%T), per cent absorp- 
tance (%a), absorbance (A), molar 
absorption coefficient (e), or logi, e. 

Historical factors have played a 
significant role in establishing the 
form in which infrared .spectra are 
commonly presented. With the early 
prism spectrometers it was both con- 
venient and rational to display the 
spectrum on an abscissa! scale linear 
in wavelength; it was also natural 
that, following Cartesian conven- 
tions, the wavelength scale should 
increase from left to right (Fig. 
l-51a). Since 1940 both linear wave- 
length and linear wavenumber scales 
have been used, with the wavenumber 
scale gradually gaining precedence 
over the wavelength scale. There are several reasons for this. The 
spectrum plotted linearly in wavelength exhibits a progressive broadening 
of the bands towards the long wavelength end, whereas on the wavenumber 
scale this form of distortion does not occur (cf. Figs. I-5la, 1-51 b). The wave- 
number scale, however, does crowd the spectrum at the low wavenumber 

■ The mleromrter (pm) Is identical to tbe micron (p) and the Utter term Is still more 
widely used In the literature. This terminology Is expected to change to achieve more 
general accord with the Internationale SystSmr d' Unites (SI). 



Fig. 1-50 Presentation of an absoiplion band 
with various scales on the abscissa and ordinate. 
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end, but this eas be correeted by • ehaage in the eeak factor (ueually at 
2^ cra'*^} (Figa* I'<52 and I<53). Another reason favoring the use of wave* 
number is the linearity between wavenumber and energy through the fun- 
damental relationship E^k*e, where A is Planck’s constant and c is the veloc- 
ity of light. Finally, there is the correlation between the abtoluU imte- 
number position of an infrared absorption band and the waoenumber displace- 
ment from the monochromatic exciting radiation in the Raman spectrum. 



] ig I-*)! Infrared spectrum uf a polystyrene film; 
(a) linear wavelength seale; (ft) linear wavenumber scale, 


Tims, infrared and Raman spectra can be compared directly using a wave- 
number scale. No direct comparison is possible on a wavelength scale since 
the Raman hand position changes grossly with the wavelength of the exciting 
radiation. 

A ptiori il would seem rational that infrared spectra plotted on a wave- 
number scale should also be represented with the scale increasing to the right. 
This, however, leads to a curve which is a reversal of the wavelength repre- 
sentation. By the time the wavenumber scale came into general use, there were 
already very extensive collections of infrared spectra in atlases and it was 
highly desirable that the overall appearance of the wavelength and wave- 
number based infrared spectral charts be maintained as closely as possible. 
There were also instrumental design factors of an engineering nutiire that 
predisposed to the retention of the same direction of scan, and it is a com- 
bination of these factors that has led to the widespread adoption of a stan- 
dard spectral format in which the sravenumber scale decreases from left to right. 
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ConcerniiiR llic ordiniito scale, a greal many speclra arc plotLed as per 
ceul tmnBinission incrrusiu({ upwards. If this is dqne, enre must he taken 
when using the terms ..minima'' and ..maxima". The chemical speclroscoplst 
is interested mainly in the po.silions and inlen.sitics uf the nhsorption maxima 
and incongruity nrise.s since these appear on the churls as „ transmission 
minima'*, though this term is rarely, if ever, used in discussion. An appre- 
ciable minority avoid this hy the simple expediency of plotting the per cent 
transmission on a scale from 100 to 0 increasing upwards and oflen this is 
accompanied hy a change of name In per cent ahsorplion; a laril !is.suinp- 
tion is made here that all radialum not transmitted has liceii absorbed Jiy 
the .sample. Absorbance nr molar ahsurjiUon coefficient may also be plotted 
to yield cun'cs with absorption peaks upwards bn I lliis also assumes that 
all radiation not transmitted by the sam|)le lias lieon absorbed. Hie fart 
remains that the quantity truly measured is the per cent transmission, but, 
except for the most precise quant ilativc work, objection to ubsorplion-bascd 
scales is largely sophislrs'. 
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Fig. 1-5S Infrared spectrum of polyslyrenc rtcurded with a NaCI prism (b(!7— 2UU0 cm-**) 
and a LIF prism (2000— 2U00 cm~^). 


8. The Shape and Intensil} ot Infrared Absorption Bands 

An accurate description of an absorption band is given by plotting the 
molar absorption coefficient against the svnsenumbcr (Fig. 1 - 510 ). The band 
width IS cliaroctcrized by the number ol reciprocal cciitmietcis covered by 
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.tlie band at an intensity level of 1/2 e max. The quantity Avj/, is called the 
* inie half band width. Since slits have a finite width, the observed band shape 
differs from the true one. The apparent half band width increases while 
decreases with increasing slit width (Fig. The maximum absorp- 
tion coefficient Svma\ u a useful quantity for the characterization of band 
intensity. The tymux values of infrared absorption bands of organic com- 
pounds range from 1 to 1500. 

Theoretically, the integrated intensity A of absorption bands is very impor- 
tant. This is the area covered l)y the absorption band. If one assumes that 
Beer's law is holding, the absolute integrated band intensity is given by 



(I-I24) 




Fi({. 1*S4 Shape and Intensity of an Infrared absorption band: 
(a) true shape; (ft) appurent shnppp ilclrrmlnod by thp rinite slit width. 


Equation (1-121) originally proposed by Kainsay and Jones has been 
subsequently presented in modified form by several authors*. The units 
recommended provisionally by the Comission on Molecular Structure and 
Spectroscopy of IUP.\.G are: 

a) dn absolute unit, defined ns 



* See footnote, p. 114, 
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where: c a concentration (molecule cm~*), 

I umple thickness (cm), 

V * frequency (8cc“^). 

This unit has the dimensions cm* scc**^ molecuie~'\ 
b) A secondary unit, defined as 



d(lu v). 


This unit has the dimensions cm* molecule'*, 
c) A practical unit, defined as 


where 



e~dv 



This unit has the dimensions 10® cm - mole”*. 


Since the conditions of Beer’s law cannot be perfectly achieved in practice, 
only the apparent integrated intensity B of a band can lie obtained: 

dC, (1-12.')) 

where T, and T are the measured apparent radiant iiili nsities before and 
after absorption by the substance at wavenumber v. In this case the apparent 
molar absorption coefficient e^**) is 

(I-12B) 

and the apparent half band width is 

For accurate determinations of band intensity, errors m concentration 
and path length must be as small as possible. The recording system must be 
linear. In order to avoid errors resulting from electrical and mec hanical inertia 
of the detection and recording system, it would be ideal to measure the 
absorbance point by point, but this method would be too tedious. Gene- 
rally, automatic recording at the lowest possible speed and with narrowest 
possible slits is used. In a detailed review of the subject, Seshadri and Jones* 
described and discussed the factors determining the true band shape, the 
determination of the true band shape from the apparent band shape, the 
evaluation of band intensity parameters, and the units for the measurements 
of integrated band intensities. Practical considerations in the choice of the 
optimum operating conditions have been discussed by Potts and Smith.** 


* K. S. Seshadri and R, Norman Jones, Sptelnehlm. Aela, II, 1013 (1063), and llten* 
lure cited therein. 

** W. J. Potts, Jr., and A, Leo Smith, Applied Optics, S, 257 (1067). 
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PART II 


INFRARED SPECTRA 
OF THE PRINCIPAL 
CLASSES OF 
ORGANIC COMPOUNDS 


As shown ill lh(> theoretical part, Ihr infrared spectrum of a substance 
is determined by the nature, number, and relative positions of its atoms, 
i. e., by the structure of the molecule. Any change of a structural element 
implies a corresponding change in the spectrum. Hius the infrared spectrum 
appears to be one of the main physical characteristics of a substance. Recause 
Ilf Iheir specificity, infrared spectra have been compared to fingerprints. 

The first practical consequence of this property is the use of infrared 
spectra in the identification of substances by comparison with model spectra. 
A rich collection of such spectra is thus needed. The main collections and 
catalog of spectra published in recent years are mentioned on page 510 . The 
spectra are printed on perforated cards which can be selected in minutes or 
even seconds by means of mechanical or electrical devices. The selection 
program is based on key data such as chemical functions, position, or intensity 
of bands, ring size, nature, and position of a 5ub.stituent, etc. 

Often the identification of intermediates and final products by mcaii.s 
of infrared spectra may be an important auxiliary in reaction mechanism 
studies. 

Any chemical impurity in a substance (except for those impurities that 
do not have infrared absorptions) leads to supplementary bands in the spec- 
trum. A second analytical application of infrared spectroscopy is thus obvi- 
ous, namely, purity control. The sensitivity of this method ran be greatly 
improved by using the compensation procedure in double beam equipment 
as in the case of solvent compensation. The impure substance is introduced 
into the sample cell and an equivalent amount of solvent and pure substance 
are introduced into the reference cell. Thus one obtains the spectrum of the 
impurity. The procedure is called differential spectroscopy. By choosing the 
best recording par.’imeters (maximum emission of the source, greater opening, 
adequate electronic amplification, extension of the ordinate), by careful 
work-up of the sample, and by utilization of an isolated and strong analytical 
band, traces of impurities (0.1—1%) ran be determined with a precision .is 
high asi 0.01%. 

A third very important application of infrared spectroscopy based on 
Beer’s rule and the additivity of the molar extinction coefficients is quanti- 
tative analysis. 

Most modern infrared spectrometers are equipped with devices that re- 
cord the variation of transmis.sion, absorption, or extinction as a function of 
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time at a given wavelength. Such recordings are used in kinetic studies of 
some chemical reactions. 

Infrared spectra can be very helpful in solving problems dealing with 
molecular structure, The great majority of organic compounds consist of 
complex molecules. The frequency of their normal vibrational and rotational 
modes cannot be calculated. Beenu&e of this, spectrum-.<itructure correlations 
are established almost exclusive!}' in an empirical way by observing the 
existence and behavior of rharnctiTislir group frequencies. ^Irapolation of 
results calculated for simple molerules may sers'c sometimes for the semi> 
quantitative interpretation of the struetun* of complex molecules. It is extre- 
mely important to know the reason for frequency shifts in various molecules. 
By studying infrared spectra of numerous Iiomologs of a given series or of 
various substances belonging to differtmt classes, it is po.ssible to recognixe 
the factors responsible for .shifts of rhanirt eristic bauds. In many instances 
it is possible to establish to nhat extent the spectrum of u given sub.stance 
IS influenced by electrouii-, mass, or steric effects as a function of molecular 
svmmetry. Thus some hypothetical molecular models can bo discarded, while 
others may be considered more or less probable. 

The high precision of extinction measurements provided by modern instru- 
ments enables one to coiTclate the iiiteuslly of charucterisiic hands with molec- 
ular structure. It ha.s been shown that in various structures, functions, or 
iheiuical bonds ^ith not luo different frequencies mav generate hands with 
eharactcristie intensities. 

It has to be painted out that a lunlerulni structure caiiiiot lie established 
solely on the basis of its infrared spectium. The more complex the molecule, 
the more data are necessary. Sometimes elcmeutal analysis, melting point 
or hailing point, the chemical reactions of n substance, its n. m. r., and mass 
spectra are all necessar}' in older to establish its structure. 

Each of the applications men tinned abo\e require a deep knowledge of 
the infrared spectra of various classes nf organic coinpouiuls. In the following 
chapters the infrared spectra of the mam classes of organic compounds are 
described in connection with the elcctronii* structure and Ihe steric configura- 
tion of the respective molecules. 


ClIAPTEn 1 
HYDROCARBON.S 


Absorption bands in infrared sperlra of hydrorarbon.s arise from stretching 
and deformation vibrations of the carbon and hydrogen atoms forming the 
two types of grouping present; C IT and C C. 

The relatively constant position and the high intensity of CH linkages 
enaJilr the identification and characterization nf various types nf CH bonds 
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and in many instances these absorptions are especially useful for analytical 
purposes. 

C—C vibrations are theoretically very interesting but the usually low 
intensity, the coupling of vibrations, and the crowding of absorption bands 
in the respective region severely limit the characterization of such linkages. 

The force constant of C= C and C=:eC linkages is twice and three times, res- 
pectively as large a.s that of the C C bond. Consequently, the respective bands 



arise al higher frequencies in less cionded regions and thus can be more 
readily identified. 

The spectral regions lontuining the rhararleristie ('ll and C- C hands 
of hydrocarbons are shown in Kig. ll-l. 

The reduced mass of C -II groups is much smallei than that of C- (. 
groups. ConseqiienUy, the hands arising from the slrcLching vibrations ol the 
former occur at much higher Irequencies (see Hooke’s law, page O'.l). 

The value of the force constant is highly dependent on the hybridization 
of the re.spectivc earlion atom. Thus it will determine a distinct differentiation 
of band position.s in the region of CH stretching vibrations. As shown in 
Fig, II-1, enrichment in s-eompniieiit from 1/1 to 1/3 and 1/2 in the series of 
linkages C— H, =C-n and =C — M, respeclhely, where hybridization chang- 
es from sp* to sp® to sp, results in higher frequencies bee.ause of the increased 
values of the force constant (the reduced mass remaining the same). 

The bands arising from defonnaliou inodes occur in the region 600— I.IOO 
era”*, A differentiation between spectral zones corresponding to saturated and 
iinsntiirati'rl CIT linkages is also possible here. 

A SATURATED H A 1) R 0 f- A R H 0 N S 

1. Ganerol aaprris 

In saturated hydrnr.irhoiis, the rarbon atoms linked by simple covalent 
bonds conform linear, hranrhed, or rjelie chains. The hydrogen atoms form 
C— H linkages in methyl, methylene, or methine groups when attached to 
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' primarj’, secondarj’, or tertiary carbon atoms, respectively. Methane displays 
II special charnrter since it consists of a single carbon atom isith ils four 
tetrahedrally orienlwl valencies saturated by four hydrogen atoms. 
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Vibrational frequencies of (!— 11 bonds are very differeut from those of 
C-C bonds mainly, because of the large mass differences of the atoms for- 
ming the respective bonds (see page 102). 

In infrared .spectra, vibrations arising fiom II linkages of methj'J and 
methylene groups do nut oceur individually. The atoms of these grou|).s oscil- 
late simultaneously forming a compart vibratiouul group which generates 
unique ub-sorptions for every type of vibration. The frequencies and intensi- 
ties of the.se vibrations have lieen extensively inve.stigated and are of value 
lor the identifiralioii of the resperlKe groups as well as for quantitative 
rlelerniiiialions. 

Slielelal C- (1 linkages an* less ehiirarteristie in the infrared. Vibrations 
of these bonds generate weak ahsurplions at lower frequencies. Accurate 
assigninenl of bands is difficult even for the simplest members. Ideal ifir&tion 
of skclelal Mliratioiis in higher mcmber> is prartieally impossible at present, 
('.omplicu lions arise mainly l)erau.se of numerous possibilities of roupling of 
vibrations wjlh prarlirnlly idenlieal frequencies, arising from C.-C linkages 
I'rom sarious parts of the moleeiile as well as by the roupling of C— C link- 
ages with some C II linkages. Confonnalional isomerism is another factor 
pieventing lomplete theoretical interpretation of spertra of saturated acyclic 
hydrocarbons or of large ring hydrocarbons. 

The great majority of straight chain alkanes and i.soalkanes in solution, 
liquid pha.se, or gas phase are not individual molecular species. They consist 
of a mixture of two oi more cnnfomalionni isomers fconfomers, rotamm) 
arising from restricted rotation about simple C— C bonds. The possibilities 
of isomerism increase with chain length. Every eoiiformer having a different 
symmetry w'ill generate its groups of bands which are more or less character- 
istic. Becau.se of vibrational coupling and .superimpositioii of bands, the 
spectra of higher members contain a liackground frequency in this region which 
cannot be resolved by present means. The characleristir frequencies of C— H 
groups arc practically the same for all conformers; differences arise in skeletal 
vibration.s (C— C). The activity of these vibrations in the infrared is determined 
by moleeular symmetry. The study of individual isomers is confined for the 
moment to simple molecules or to the solid phase, in which normal alkanes 
have a single Irans zigzag conformation as shown by X-ray studies. In some 
instances, studies of conformational isomers in cycloalkanes with variousring sizes 
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were more successful. Compared to acyclic analogs with the same number of 
carbon atoms, cyclic compounds have fewer possibilities of conformational 
isomerism due to cither the rigidity uf molecules in small rings or to the pre- 
ferential thermodynamic slabilily of certain conformors in larger rings. 

The interpretation of spectra of saturated hydrocarbons is based on theore- 
tical studies of simple homologs as well as on comparative studies of a great 
number of hydrocarbons with various structures. In spite of the complications 
mentioned above, many problems in alkane rhemistPt' ran I)e solved by using 
data ubtiiined from infrared spectra. 

After describing the principal types of C— II viJirutioius in hydrocarbons, 
we discuss the general a.specls, position, and intensity of absorption bands in 
normal alkanes, isoalkanes and eyrlualknnes with condensed rings. 

ii. VihralionM of C-II liiikagos. The vibrational modes of the three types 
uf C— II linkages in saturated hydrocarbons are described separately. Methine, 
methylene, and methyl groups aie ennsidered ns independent systems with 
respect to their Mbratiou.s [1,2|. 

1. Vibraliom of the tertiary CII group. The methine group has a single 
stretching vibration (Fig. ll-2a) and two deformation vibialions-. in-planc and 
out-nf-plane (Fig. II-2h and c) (generally doubly degenerate). 

^C— H bonds arise only in isualkanes, substituted cyclualkanes, or in 
polycyclic compounds. 

2. Vibrations of the Cllj group. This group gives rise to two stretching 
vilirations and four deformation vibrations (Fig. II-3). The two stn'tching 
modes can be symmetrical (vCII] sym) or asymmetrical (vGII^ asym), corres- 
ponding to the in-phase or out-of-phase vibrations, rc.spcetively of the hydro- 
gen atoms (Fig. II-3 a,b). 





Pie. II-2 Vibration moJrs of Ihr methine ftreuiJ. 


The deformation vibration can take place in-plane or out-of-plane of the 
CH| group. 

The in-plane vibrations which alter the H— C— II angle arc known as 
scissoring vibrations (SCH,) (Fig. II-3r). Those that do not alter this angle are 
known as rocking vibrations (yCIIgr) (Fig. II-3(/). 

The oul-of-plane deformation modes can take place either as a wagging 
in which both atoms move in phase above or below the plane of the CHg 
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Kgroup (W;Hg/») (Fig. II-3e), or as a twisting (fiGHjO (Fig. »n which 

(Hie atom moves above the plane and the other atom moves below the plane. 

3. Vibraiions of the CH^gronp. In the symmetrical stretching mode, vCHt 
sym, the three C— H linkages are lengthened and contracted in phase 
(Fig. IWh). The ft.»pmmeirifn/.sbe/f/iinjMiodevCH,aaym takes place by lengthen- 
ing ol two of the C— II bonds and sim- 
ultaneous shortening ol the third bond 
(Fig. 11-46). 

lu the nonplniini methyl group two 
drfoimafwn modrs are possible (SCIlg): 
a sijmmelrital defoimalion mode (SCIl 
svni) (synimetrieal beiiduig), when al 




28i3 Cii 


?3Pb cm 




(b) 



(d) 


Fiff 11-3 Vibration modes of the mplhy- 
leiiG group 


Fig 11-4 Vibration modes of tbe methyl 
group 


hydrogen atoms are drawn furthci oi closer apart from the axis in phase 
(Fig. II- Ir) and an asymmetrical detormatioii mode (3CH, asyra), when two 
of the hydrogen atoms move inw’ards and the third one outwards and vice 
versa (Fig. iI-4(/). Anothervihralion-.il mode ol the methyl group is the so-called 
methyl locking lesultiiig from the as<.oriation of the two deformation modes 
with the vibralion of the C— Clla linkiige. One should also mention the twisting 
of the entire Cllj-group about the C— CII 3 linkage. 

b. Vibralion of G-C linkages. Stretching and rleformatioii vibrations 
of C— C linkages forming the skeleton of .straight chain polymetbyicnic hydro- 
carbons may be visualized as movements of an accordion. These vibrations are 
highly coupled and give rise to weak absorptions. Although vers' interesting 
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in studies of molecular structures, the vibrational analysis of C— C linkages 
is practically impossible. Some attempts to assign bands in alkanes and isoal* 
kanes have been made, [1 ,3]. Ilctter results were obtained wiht Raman spectra. 

2. f^alurnled acyclic liydrocarbona 

H. S ralghl-etiitin alkanes 

The knowledge of alkane spectra is very important for organic chemistry. 
The characteristic units of these hydrocarbons are found in the vast majority 
of organic moleeules. 

In the case of the first members of the C series, accurate assignments 
uf bands could be made by complete vibrational analysis [•!]. 

». Methane and ellianc. Methane is the only hydrocarbon in which the 
four valencies of the carbon atom with ideal sp^ hydridization are oriented 
according to van’t Hoff’s tetrahedral model. Vibrational analysis of the meth- 
ane and deuLeruinelhane molecule, as well as the study of infrared and Raman 
spectra, are in agreement with this model [dj. 

If treated as a system of five tetrahedrally oriented points, methane can 
be assigned to the cubic group T| fsee Fig. 1-29). Of the nine possible vibra- 
tional modes, two are doubly degenerate and six are triply degenerate (/<'(). 
This results in four fundamental vibrations shown in Table ll-l . 


Table ll-l l^'uiidanifiilal ilhratioiib in CII4 and (11)4 |2| 


ABilgnment and 
species of 
vunilionb 

Fivquraey cm“ 

cd] 

-1 

“ aiV 


Kind of 
vibration 


2081.7 

2‘J14.2 

H 

vCll syni 


J054 

1520 


SHCll asym 


2258.2 

3020.2 

\J\ 1 R 

vCll hyin 


995.0 

1306.2 

IH 

SUCH asym 


Of these modes V| and vj are active only in Raman spectra, v, is active 
both in Raman and the infrared; v, is active only in the infrared 
(Fig. 11-5). 

The activity of tho.se vibrations is in agreement with the tetrahedral 
model predicted for the methane molecule. Any other configuration, for 
example, planar (with Um .symmetry) or pyramidal (Gi^), both of which can 
be excluded because of lack of isomerism in disubslituted compounds [5], 
should give ri.se to a larger number of infrared active bands. The tetra- 
hedral model is also in agreement with Ihe rotational structure of the bands |G| . 

In ethane |7,8] a skeletal C— C vibration is also pn.ssihle. However, be- 
cause of molecular .symmetry, this vibration is active only in the Raman 
spectrum (at !)9.3 cm~’). The structure of ethane has been thoroughly discussed. 
The analysis of vibrational spectra of ethane C|H, and deuteroethane CgD, 
does not .show the existence of free rotation about the C— C bond. Of the 
two possible conforniers (see below), one with eclipsed conformation I)ik 
(12 fundamental vibrations, 9 active in Raman) and the other with stag- 







gered conformation wilh n ccnlcr of syminctr}', On (12 fuudumciitui vibra- 
tions, b active ill Raman), the ninlrculc adopts Ihe loiter, which is (‘iicrgcii- 
rally more favored. Thus only one of Ihe two possible conformers is actually 
observed. The eclipsed isomer appears a.s a transient form in extremely low 
coneentration. 



Vi/;, 11-5 Infrared spcclriini uf niclhiiiu* (/ras). 

The stretching and deformation vibralious of - II linkages in the two 
methyl groups arc those characteristic of C— 11 linkages in alkanes. 

For higher members of the C«H 2 /,^.g series, accurate theoretical treaLmcnt 
becomes very complicated. Each of the saturated acyclic hydrocarbons lias 
9/1 vibration modes corresponding to .strrlching vilirations of C--II and C— C 

bonds and to deformation vibrations ll-C -M, II — C - f,. and C— C — C. 
The spectral regions containing bands arising from these vibration are shown 
in Tabic 11-2 19] . 

The number of (uiidumriilulviliiatloiw actually iirtivc in infrared and Hamau spectra is 
(luLermincd by tlie symetry of the corrc.spodiug coiifnrmalioiial isuincrs. 

Tttbk 11-2 Hie number ol normal vlbrulion inodes in (inlf.ff-i i bydroeurbons 


sSymbol 

Tmic of vibration 

N*a. of 
nnniinl 
vibratiun 
modes 

1 legion, 1 


*C-H 

Slrctching vibrations C— II 

2/» i 2 

28fKI - 

.3000 

kC-C 

Stretching vibrations G-G 

n - 1 

8 U 0 — 

1200 . 

tH— C— II 

Deformation vibrations] I- C-M (0 iiinrtes of 
the two CH, groups and ii -2 modes oI 

n -i -1 

1340 - 

1460 

SH-C'-C 

the dig groups) 

Deformation vibrations H-C-G/l ninde.s of 
the two GH 3 groups and 3 n-(j of IIlp CH, 


520 ■ 

650 

8 C-C-C 

groups 

Deformation vibrations C—G^C 

n 2 

150 - 

520 

8 C-Ct 

Twisting vibrations about the n — 1 C-C bonds 

n -1 

200 - 

300 
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b. Contorualioual hMuners. Spectral iiiter})retatiun of many nlkanes is 
complicated by the fact that in solution, m liquid* or in gaseous phase these 

substances exist as a mixture of two or 
more conformational isomers (rotomers). 
j rotation about the simple C-C 

Vi ** extremely rare. Hccause ot repul- 

^ sion between hydrogen atoms when passing 

>* tr fN ill front of each other, most of Ihe Lime 

Ihe molecule adopts forms with the lowest 
potential energy. These forms aie rotational 
nr conformational isomers [10]. lii solution , 
less energy is required for the intl■rcoll^er- 
sion of rotamers; tlierpfpre they coexist in 
ratios dependent nn temperature, dilution, 
etc. Rotational isomers cannot be isolated 
chemically although they are distinct moler- 
ular speeies. However, they ran be detected 
by investigation of changes in xibrationaJ 
sperlru with temperature, 

In the simple case of ethane, consisting 
of two symmetrical methyl groups, the mo- 
lecule can adopt two eonformat ions: edipsid r 
(Fig. Il-fic) and staggered s (I'^ig, Il-Oi). 

The \ariatioii of potential eneigy in a 
300“ -rotation is shosiu in Fig. 1 1-7. The 
staggered loniis are lower in energy than the 
eclipsed forms. Consequently, the molecule 
will adopt the more stable staggered forms. In 
ethane, because of the equivalence of the two 
moieties, the three pcrfeclly equivalent stag- 
gered contormatiuns cannuL be distinguished spectroscopically. These conforma- 
tions can be dislingui.shed if one modifies the trigonal symmetry of the methyl 


H 


H H' 


(s) 


ll-G Coiirunn.it 1011b ol i lhanp 
repppsenti'd in ihri-i* ilirfcrcnt wuys: 

(p) ecltpiciJ conforDialhin ; fsi hluggcred 
conformation. 



Fig. 11-7 Potential cneri^y variotion as a function of the 
angle of rotation In the ethane molecule: 

(c) eclipsed confonnatlon; (s) staggered confomiatJan. 
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groups by Bubstitution. lacompoundR X— X.the three staggered 
coDfomuitionB differ from each other iK'ith respect to the reciprocal positions 
of the two C-X linkages. 

The existence of conformational isomera was established by studies of 
Raman [11] and infrared spectra [12. 13]. It was first observed in the case 



Cih (onh) Zt Cyn) Cj 

man}) 

(d) (e) (f) 

I ig. H-fi (dimfoimationsi of n-liulime 1 ^ puml grmips. 



Fig. 11-0 Variation of potcnlUl energy wilh uiiglr 9 in Lhe butane mole- 
cule: 

(a) jgn-eclipMd coiiforimHion ; (6) nan-btaggered; (r) antt-cellpsod conlurmatKin ; 

(d) anrt*>RtnggGred. 

of butane. The malhematiciil treatment of the /i-butane molecule can be 
simplified if one considers the molecule as a ilisiibsliliileil ethane [14, 16]. 
The theoretically possible coufonnatioiis arc shown in Fig. II-8 and 11-9. 
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C»rn>spon(ijn(( to (u-lipsed runfomulions (Fig. 11-8 o—r) arc a syn form 
with (!jt« syintui'lry and two rquivnlcnl anli foriii.s with Ct .symmelr}’ flSo]. 
In aiuiUit'r uoiiioiu'lntim*, thr ci-lipsrd syn ronrormalimi i.s called cis and the 
cclipMMl n/i/i cuuforiniition is rnllrd i/aMr/ir[18r|. The variation ol potential 
energy w'ilh rotation ahuiil the t' 2-(’3 hand ns shown in Fig. The 
■staggered conformal ions have the lowe.st polenlial eneigy. Conseiiiienlly, the 
molecule will adopt one ol the three staggered conrorma lions (Fig. lI- 8 rf—/‘). 

The .staggen>d anli eonrormalion (Fig. Il-Rd) has a single fram form with 
two op])osite CH, groups resulting from rotation ol the CIl,- CII 3 units (con- 
siden'd rigid) by 180'’ wit ii respect to each other. However, two equivalent 
syn forms are possible (Fig. II- 8 c, f), resulting Irom rotnlion of one of the 
tw'o moieties by 120" or 210", respectively fI7, IS]. 

The anli conformation with a center of symmelrs ('.511 - precludes simul- 
tnnenus artivity of vibrations both in Ihe infrared and liaman. Experimentally, 
it has been show’ti Ihnl the inlrared and liaman S}H'eLni of butane in the solid 
.state at low temperature consisl of \er> few bauds. This corresponds to a 
mon* . symmetrica 1 nn/i eonforimiLion wilh lower energy and greater sLability. 
On raising the lemperature |l.‘l, 1(1] the .si/n forms, higher in energy, occur 
in eiiuililiriuni with the anli fornus. The presence of additional moleriilar 
forms wrilh less symnielrieal (sj/n) (onfonnatiuiis 111 the speelra ol liquid and 
gaseous butane results in an increased number of bauds. 

X-ray sliidies |2(JJ have shown that the higher members of llie C«ll 2»+2 
series in the cry'stalline stale base a jilaiiar trnns-xigzug eoiiformalion rorre.s- 
poucUiig to the .staggered (inti eonformulniii. In Ibe liquid stale or in sulutiuii, 
several isomers are preseiil; eoiisequeiills ihe speelra .if Iniuids ami solutions 
are more eom|iliraLed. In the most fasorabie easi the liquid eoiitains only 
one mure stable lorni than Ihc solid. Ity measuring the sarialiuii ol liand iiitea- 
silies (.f llie two forms at various Icmperatures, it is possilile lo determine 
the dilferenees in tlieir eiiergj with the .same precision as from thennods iiainii' 
data |12. 13]. 

In eveii-nunibereil straight eliain alkanes witli a center ui symmetry, 
the inle of mutual exclusion prerludes eoiiicidenees belween some infrared 
ami lUuuaii bands. In odd-numbered cliaiiis, coincidences are allowed. In 
long chain polymethylenes. symmetries cannot be delerniiiied liy inetliud'- 
applied in simple molecules. New ada|)talion.s of these ebissieni methods 
are now being developed lor lliese s\ stems | 2 . 21 ]> 

Current recordings ol spectra are dune in the liquid stale or in solution, 
i. e., with mixlim-s ot eonlormatiomil isomers. Although in theory each isomer 
has its own eharaeleristic group of bands, the exael assigniiieiil of frequencies 
is not possible. This is primarily because of the similarity of speelra of hydro- 
earbons with more than five eurboii atoms. The very imporlaiiL skeletal (C- C) 
vibrations are not well defined e\cn in small molecules. Vibrational coupling 
ill lunger chains precludes the assignment of individual frequencies in most 
cases. Thus onlv charnclorislie liniids arising from stretching and deformation 
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vibrations of C— H linkages are of {wactieal value in studies of the infrared 
spectra of normal alkanes. 

c. AlnorpUni bands inhigher alkaneBi The investigation of a large number 
nf acyclic saturated hydrocarlions enabled the accurate assignment of absorp- 
tion bands arising from GHg. CH„ and CH groups fl, 22—24]. 

’Ihere are two categories of C— II vibrations. The first encompasses vi- 
brations with frequeneies which are constant ior the great majority of stu- 
died compounds; these vibrations are only slightly influenced by Uie rest of 
the molecule. Stretching vibrations and some deformation vibrationSi for 
example, the scissoring vibration of the CH| group onil the symmetrical and 
.nsymmetrieai deformations nf the methyl group, belong to this category. 
The other deformation modes an* influenced liy the rest of the molecule and 
mainly because of ennpling have variable freciuenries. Their identification 
is nion* difficult and less reliable. 

d. C— II slrclehing vibrations. C -11 stretrhing vibrations give rise to 
strong absorptions in the 2800 - 31)00 cm~^ region. A monochromator witli 
.Sislisfactory resolution is nlile to delect at least four alisorption bands arising 
from C— H stretching vihrafioiis of aiyclic saturated hydrocarbons. These 
bands are assigned to Gflj and CIIj groups. 

1. CHj Group. Tin* frequeney of the symnulurul slreirhing vibtation vGII, 
svm IS 2872 enr’ and that ot the asgmmetnr sit etching vibtation vGHj asym 
is 2062 cm~*. In straight ehaiii saturated hydroenibons the snriation from 
these sallies was not more than i 10 cm"^ fTable 11-3). 


Tablf II- i vUllg and vlsll, bunds iu slrniylil elialn MiliirHli*d bydroc'arboiiB [25] 


IT^diDCoibon 

SUlp 

ahyni 

cm”‘ 

vClT,. 

uyni 

cm-' 

lym 


liquid 

2924 

2852 

2957 

2873 


solid 

2918 

2847 

2953/8 

2871 


liquid 

2925 

2854 

2037 

2873 


solid 

291b 

2849 

2055 



^^olutlon (CCI 4 ) 

2927 

2854 

2955 

2R72 


^alld 

291 G 

2819 

2954/60 

2872 


solid 

2918 

28.50 

2955 


^ 1 2 

solution (IXI 4 ) 

2927 

2953 

2954- 

2869- 




2855 

2958 

2872 


A riuelul stndv of straight chain alkanes f24) .shows that the stretching 
vibration of the terminal CIIj grou]) is not greatly altered in position in 
going from the liquid slate or solution to the solid state. 

It was lound that in some n-a 1 kanes m the crystalline .slate, the hand 
arising from the asvinmctncal slietching mode nf the Gllj group is split 
into a doublet | 2 .')]. n-Cigll^ and ri-(.jgll 4 ( base a VGH 3 usym doublet 
at 2053 and 2958 cm”*. In the spectrum ol /i-GjjHi^, the doublet was pre- 
viously reported at 2058—2965 nn”* 12.)]. In these hydrocarbons the doublet 
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Seems to be a consequence of the triclynic crystalline modification since ^ 
appears also in the triclynic modifications of heptadeeanoic acid [26], 

For the CtiH|ii 4 .| series vith /i= 6 , 7, . . 36 the values for VCH 3 osym 

are 2954 —2958 cm~^ and for CH 3 sym 2869 —2872 rm~^. 

2. CII 3 Croup. Thesymmelrical stretching vibration, vCll, syin of the metliy- 
lene group gives rise to an absorption band at ca 2853 cm~^. The band of the 
asymmetric vibration arises at ca 2926 cm*^. As in the case of the methyl 
group, variation from these values is very small in saturated straight chain 
hydrocarbons. A comparative study of spectra of straight chain alkanes \vith 
6—36 carbon atoms [24] shou's that the frequency of the asymmetric stret- 
ching vibration of the CH 2 group is 10 cm~^ and that of the symmetric 
vibration ~ 5 cm*^ higher in the liquid state or in solution than in the 
solid state (Table 11-3). 

3. Intensity of vCH bands. The relative intensity of vCH absorption 
bands depends on the ratio of CH, and Cllg groups in the alkane molecule. 

Qualitatively, it is observed that bands arising from asymmetrical stret^ 
ching vibrations at 2926 rm~^ and 2962 cmT^ for ClI, and CHg groups, 
pectively, are stronger tlian the symmetrical vibrations of these groups. Dy 
measuring the intensities of these hands it is possible to di'lermine the 



( 0 ) (b) (c) 


J'lg. IMO JnrraicrJ spectra ol home [straight chain alkanes in the 
Cl - 1 1 stretching mode region. 

(fl) fi-hex.me; (^) /i-heplanr; (c) n-derane. 

number of Cllj or CH, groups in the molecule; such mensurements can be 
very helpful in molecular structure determinations. 

In straight chain saturated hydrocarbons «ith mure than four carbon atoms, 
the intensity of bands arising from CII, groups increases with chain lengths, 
i .e., with the number of CH, groups. The CH, group does not show a similar varia- 
tion. InFig. 11-10 are shown infrared spectra of straight chain alkanes with an 
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ittcreuintf ttninber of CHj ^oups. It can be seen that in longer ohaine (with an 
Increased CH|:CH| ratio) the relative intensity of v CH| bands decreases [27], 
Molar extinction coefficient measurements [27] in n*alkanes with 
6—36 carbon atoms showed an increment of 75 unib per CH| group for the 
2926 cm*"^ band of 45 units per CH| group for the 2853 cm*^ band. The 
CHt group has smaller increments. 

The intensity of the vCH| asym band at 2926 cm"^ increases steadily 
with the number of the CHg groups [24], 

As a result of more accurate quantitative studies based on integrated 
absorption intensity measurements in many straight chain and branched 
alkanes |28], the following relation was proposed- 

where ATqj are the number of C— II linkages in methyl, methylene 


and methine groups and a, h, and r are proportionality coetficients equal to 
4.112, 3.809, and 1.388 respectively. This relation enables the determination 
ot the number of GH,, CH,, and Cl I groups in the molecule. The calculated 
inlensitics for the integrated ah.sorptiou are in agreement with experimental 
values for straight chain alkanes. 

The above relation is not applicable to more roni]ilex hr.inched hydrorar- 
hons because of increased interactions between CU,|, CII| and CH groups, Fur 
these cases resulG^ are obtained by measuring the intensities at 1375 em”^ 
for the methyl group and at 890 cm"^ for 
Ihe ethyl group. 

Although, generally speaking, the .nidi- § i 8 cs, 

livily of band intensities arising from ^ ^ ^ 

groups is maintained in any hydrocarbon ^ ^ ^ 

chain, the values obtained for n-alkanes arc | ^ 

not rigorously reproducible in other classes 

of organic compounds (see lollowing chap- { ^ ^ 

ters). The presence of polar atoms alters \ i , 

llie force constant (frequency) and intensity \ / 

<il hands arising from vibrations of G--!! | 

linkages in adjacent groups. QH- iy 

Figure II-ll is a schematic rcprcseiita- 
tion of position and relative intensities ol Fig. ii-il Partition of laluratrd Clt 
absorption bands arising from stretching bands in the 2800— sooo cni‘i region, 
vibrations of CH., CIl,, and CH groups in The line height shows approxi ately 

straight chain .saturated hydrocarbons. Ihe 

rhararteristic alternation of frequencie.s arising from melhyl and methylene 
groups, as well as the higher intensity of asymmetric vCH stretching modes, 
I an be ob.served. 


lym 5y/n | osym asym 

\ I "'-y 

O'. CH 

Fig. 11-11 Partition of saturated CIl 
bands In the 2800—3000 cni'> region. 
The line height shows upproxi ately 
Ihe mean relative Intensities. 


c. Delonnation vibrations. Assignments ol bands corresponding to defor- 
mation modes of GH 3 and CHg groups are based not only on comparisons of a 
greatnumberof spectra of hydrocarbons but also on data obtained from mathe- 
iwatiral analysis of vibrations in simple hydrocarbons. 
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As shown above, there are a number of deformation vibrations 
almost constant frequencies, for example, those taking place with changes 
in bond angles (scissoring vibrations of the GH| group and the two deforma- 
tion vibrations of the GHj group). The other deformation modes ure affected 
to a certain extent by adjacent structural elements. Changes in position and 
intensity of these bands are due to coupling with other C -T1 deformation 
vibrations or with skeletal carbon-carbon stretching vibrations, Thus it is 
difficult to assign exact limits to the charaeteristic regions for these vibra- 
tion modes, 

1 . CII 5 group. The symmetrical ileformulion mode ot the methyl 
group (Fig. Tl-lr) gives rise to an uhsorplion at l.lfiii - 13RI) eur^. 

The exact assignment of the tivqueucy correspuiidlng to this vihralion 
is based on studies ul mass effects obtiiiiied hy deuternlion. In etlianc |li, 7| 
the & Cl I 3 sym band arises at 1379 cn r'. In C.I), Ibis hand disappears, being 
replaced hy an absorption corresponding to the i^CJJs-Wm mode at 1072 enr’. 

In spectra of n-alkanes the position ot the SCHg sym bund is relatively 
constant. This band is of great analytical value, since this region does not 
contain other strong absorptions. 

Investigation of straight chain alkanes from to Cgg |29] has shown 
that the frequency corresponding to the SCIIg .sym mode is independent of 
the uryslulline sLale. It depends on whether there are an fin'll or odd number 
of earhon alums in the molecule, lu cveii-niimhered chains this frequency 
arises at 1365- 1.308 enr^ while in odd-nnmhered ehnins ii has slightly 
greater values, ranging from 1373- 1370 cm“^ | 2 r)|. 

'I'lie oernrrenre ol these liands in infrared spectra ul long ihaiii parallins 
may indicate the exi.steure of a branched structure. In polyethylene the 
hand arising from the 8 CH, sym vibration ucrurs at 1375 cm~' |30, 31]. This 
band cun he used for estimating the number of methyl groups in the molecule 
[24]. Invpsligution ol hand intensities at 1375 cm~^ (SGHj smu) and 2958 
rnr' (vlillg asvm) enabled the determination of the degree of branching 
jii some Loiiuueicial types of polvethylene by comparison with polyethvlene 
pre])!ired Inini diarnmethnne or hv polvmerization at atmospheric pressure 
[30]. 

I'lie analysis ol the 8 CII 3 .sym hand is iinpovlaiiL in sludies of com- 
))ouiuls eonlaining structural elements capable of affecting the vibration ni 
tins group (0, .S, C=. ele.). 

'I'lie usyminelric deforinalioii vibration of the methyl group shown in 
Fig. II-1(/ gives rise to a band around 1460 cnr^. The proximity ol this 
frequency io liiai of Ihe scissoring vihralion of the methylene group prevents 
il Irom being u.sed in reliable identifir.itions of CHs groups in compounds of 
unknown structure. 

In spectra of low molecular weight alkane.s where CllgiClIg ratios are 
high, the SCllg a.sym band can he di.slinguished from that assigned to the 
methyl group [.32]. 

In spectra of medium chain alkanes it appears as a shoulder on the 
SClIg- band (Fig. Il-12a- c). In long chain alkanes the distinction is no 
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longer posoible because of the increasi'd number of GHg groups versus CH^ 
groups. The identification of the SCH^ asyin vibration in this region in the 
presence of the scissoring SCHy vibration is possible in cases when one of 
these bands is shifted away from its normal position (see strained rycloal- 
kancs, ketones, acids, esters, etc.). 

Other deformation vibrations of the ClTg group. Al>horptiuus arising from 
CH deformation modes strongly coupled with C— C skeletal vibrations are 

m 


90 


so 


40 


20 

0 


fig. 11-12 Infrared spectra of some n-alkanes in the 
region of C-H defornution \ibruti0Ds; 

(a) n-hexaue; (ft) n-heptane; (p) n-decane. 

iiul I'oiislaiil in position in different classes iil alkanes. They arise in the 
region 800—1250 cm~*. Thus in ethane the frequency of the in-planc rorking 
vibration of the methyl group coupled to iluil of the C-C bond, CH,— C 
(methyl rocking), is ll'lO rnr^ |32. .'M] while in propane it is believed to be 
1 15.5 cm~’ [1 ]. In /i-bulone tb.is \ ibrnlinn is theoretically lorbidden on grounds 
1)1 moleciila) symmetry [1, 10). 

In s|)ecLra of straight chain alkanes with 4-18 carbon atoms recorded in 
the liquid state or in solution, this vibration is considered to give a weak 
band at 1132-1141 cm"^ (34], The intensity of this band is too weak to 
be identified in spectra of straight chain hydrocarbons with more than 20 
carbon atoms. In the rryr,taIliEP slate a iliTercnta* between even -and odd>num* 
hcreci aJkancs was observed. A band of medium intensity arises only in spectra 
of odd'Dumbered alkanes [.36]. In those with even numbers thjS vibration 
mode is inactive in the infrared. 

The twisting mode CH,— C is doe to restricted rotation of the methyl 
group coupled with the vibration ol the. C— C linkage. It arises at low fre- 
quoiicit's, below 300 (’»(“', and has not been thoroughly mvestigated. 
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2 . CH| group. The scissoring vibration (Fig. II>3c) is the most charao* 
teristic d^ormation mode of the CH, group. In spectra of /hulkanes it gives 
rise to a strong absorption at 1467 cm’^. This band overlaps with that of 
the asymmetric deformation mode of the CH 3 group at 1460 cm'*'^ (see page 
122). Its position is influenced by adjacent structural elements. The inten- 
sity increases with the number of CH| groups. As in the case of stretching 
vibrationSj measurements of molar extinction coefficients or integrated absorp- 
tion enable the determination of the CH|/CH, ratio and thus the lengths of 
the hydrocarbon chain [28 J. 

Jn-plane rocking vibration of the CII| group (yCHir) ^ig, II-3d)> Spectra 
of straight chain alkanes with more than five carbon atoms recorded in 
solution or in the liquid state show a medium intensity band at 720d:2 cm~' 
assigned to yCIljr modes. In lower members the frequency increases moder- 
ately. This region is of value for the identification of polymethylenic chains. 
It has been shown that straight chain hydrocarbons with four carbon atoms 
give rise to a strong band at 740 cm~S while in those with three carbon 
atoms on an ethyl group, this band arises at 770 cm~^. This enables the identi- 
fication of neighboring two, three, four, or five CHg groups in side chains 
of complex steroidal molecules [36]. In the crystalline stale a splitting of 
the observed in most cases. Instead of n single absorption 

at 7 ^) ±2 cm'^ two bands of unequal intensiiies are observed at 721 and 
730 cm"^. This splitting was attributed by some authors to molecular in- 
teractions in the crystalline phase [37] . Investigation of the behavior in the 
mfrared of a great number of alkanes (Cu—C| 4 ) in the solid state showed the 
significance of the crystalline modification of the hydrocarbon in this phe- 
nomenon [25]. 

The rocking vibratiimal almodes of the CH, group in a senes of crystalline 
n-alkanes are shown in Table II-4. 


Table JI-4 Boeklna vUmtlon of the CHi aroeF [35. 29] 


Hydro- 

carbon 

(u-olkane) 

Cryitnlhiir 

iDodlflcailon 

■rCH,r 
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Olhur 

rcfenncfh 

Hydro 

carbon 

(n^alkmie) 

(.rybtallinp 
niodtfi cation 

YCll,r 
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rrlerencn 
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OrLhoronibir 

720 728 
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II 
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II 
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II 
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[3B-40] 


.Straight chain crystalline alkanes with an even number of carbon atoms 
and inclyiiic symmetry show a single cm~^ 
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[24] or 721 cm**^ [29]. In n•alkanel with an odd number of eai4>on atoms 
end orthorhombic symmetry the band is split apart by 10^1 cm"*. 
In fte hydrocarbon the splitliug is 20 cmr*. Splitting is also observed 
in higher members (Gh— C,|) with even numbers of carbon atoms and mono* 
elynic symmetry. 

'Ibis difference in behavior depending on the crystalline modification has 
to be taken into account in anal^^ical interpretations of the 720 cm"’ band 
in cases for which spectra are not recorded in solution [24, 29] The occur* 
rcnce of a band at 720 cm~’ in complex molecules does not necessarily prove 
the existence of chains containing more than four neighboring methylene 
groups as was previously thought. 

In solutions of long chain hydrocarbons the apparent molar extinction 
coefficient increases linearly with the number of CH, groups with an incre- 
ment of three units per group [41]. The vCII, asym band at 2920 cm~* 
shows a similar behavior [20]. The intensity ratio of these two bands is 
independent of the number of methylene groups and is the same for all 
straight chain alkanes in the liquid state or in solution. However, the two 
bands become considerably stronger in the solid state [25]. In urea adducts 
of straight chain saturated hydrocarbons, the intensities of yClV bands at 
720 cm"* and of vCH, asym bands at 2920 cm"’ are lower than in spectra 
of the same hydrocarbons in the solid state. Spectra of these adducts arc 
rather comparable to those of the corresponding hydrocarbons in the liquid 
state or in solution. This leads to the assumption that in tliese types of 
adducts the hydrocarbon is linked to urea by van der Waals type bon^ in the 
same way as alkane chains are linked in solution [25]. 

In long chain polymethy Ionic polymers the yCHfr doublet can be used 
to determine the degree of crystallinity of the material.' In solid polyethy. 
Iciie tile frequencies of the two parts of the doublet are 721 and 730 cm~* [30]- 
On cooling to 4”K the 730 cm~* band becomes stronger, while the 721 cm"* 



Fig. IMS Inlrared Bpectrum of polyethylene AS (degrer of cryitalllnity 66 %). 


band remains the same. On melting, a large band centered at 721 cm"’ 
appears instead of tiie doublet. 

The 730 cm"* band was assigned to the crystalline portion of the macro- 
mulccnle, while the 721 cm"’ baud wns assigned to the amorphous part 
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(eoutaining, however, crystalline parts in the molt). Figure 11-13 shows the 
spectrum of a polyethylene AS obtained by the Rumanian polymerization 
procedure with amyl sodium [42]. 

Figure 11-14 diows the comparison between the yClIir regions of four 
polyethylenes with various degrees of crystallinity [14]. It can be seen that 
an increased degree of crystallinity results in a decrease in the apparent 
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Fig. 11-14 Fttiiik in polyelhyleiics ol various drgrers 

uf crystallinity: 

III) ICI, 6U%: (b) AS, liSOoi (r) Hostalen. 80%; (d) Marlrx, 95%. 


intensity ratin of the two bauds. A decrease in crystallinity could be demons- 
trated in thermally degraded polyethylenes AS, the random structure l)eing 
favored at high temperatures |42]. Oxidative degradation has an opposite 
effect and the intensity of the 730 cm~^ band increases. 

Studies of long chain hydrocarbons by polarized radiations showed the 
different bdiavior of the two branches of the 721 - 730 rm~^ doublet |43, 44] . 
In hexatriacontanu rrystals (Cg,) the 730 cm"^ band .shows parallel dichroism, 
while the 721 cm~* baud shows perpendicular dichroism. In polyethylene it 
is possible to evaluate from the dirhrnir ratio ol the 721 - 7.')0 cm~^ doublet 
both the degree ot erystallinity [26] and the orientation of the crystalline re- 
gion in films prepared by extrusion and subsequent stretching [30]. 

Figure 11-15 shows the 700—750 cm~^ region of spectra recorded with 
polarized light in the case of a polyethylene film after extrusion (Fig. II-15a) 
and after 200% stretching (Fig. II-15b) [30] . The same bands were used to 
determine the degree of crystallinity in copolymers of cthylcne-propylcne 
[44] as well as other polymers. 

Out of plane twisting and wagging vibrations of the CHg group (Fig. Il-Se, f). 
The calculated frequencies for these vibrations are 1150—1350 cm"^ [ij. 
These vibration modes are afferted by molerular structure and in general 
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i^jive rise to low intensity bands. For this reason they are of little analytical 
value. 

The band arising almost constantly at 1303—1307 cm**^ in n-alkanes is 
assigned to the uut-of-plane wagging vibration In lower members, 

bands at slightly higher frequencies were observed (1336 cm~^ in propane 
and 1350 rm~^ in crystalline n-butane). However, these assignments are not 



Fig. TM5 Dichroism of the y GH| band in polyethylene. 


la) afloi rxUiiBLon; {b) allcr 200% btrotchlnR. The dotted line reprewntb the siiii- 
tnim recorded with radiations in which the plant of polarization is paralhl lo 
Ihe cxtiubion end the stretcblnis diioctiuiiB, rpspeLtively. Tho solid line upri 
snils tile Bpcrtiiim rocorded with radjatlons with a poiiirirntion plane pciiunili 
rulnr to this direction [30] 


fully subslnntioted borause not enough is known about the degrei ol coupling 
of these vibrational niodex with skeletal Mliwtions having the same symme- 
iry [1|. Spectra of higher straight rhain .ilknnes recorded in the solid st'ite 
shovi n series ol equidistaiil bands in the 1150 1350 enr* legion; the number 
tind iiitensit} of these bauds increase steadih with the number of carbon 
atoms in the chain. In n-octadecane the bands arise at 116U- 1340 cm~^ [45]. 
The six bands of tetradecane m the 1187- 1305 cm~^ region are also assigned 
to the out-ol-plane C- H vibration coupled with skeletal vibrations. 

The existence of a progression in the number ol bands duo to interaction 
of vibrations arising from adjacent Cl I, groups was predicted on theoretical 
grounds as well [46]. They can arise from more complex vibrations with 
participation not only of molecular interactions, but also of vibrations of 
the crystalline lattice. Functional groups at Ibe end of a long paraffinic 
chain do not alter the absorption pattern of the hydrocarbon residue in 
this legion. Figures 11-10 and 11-17 show such progressions ol bands [47] in 
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hexadecanol and uctadecanol, as well as in a scries of higher carboxylic acids. 
As in the case of bands assigned to the yCH/ vibrational mode, these bandt 
show a strong dichroism. 



IMG I'rogreshion of 8CH(U> and 8CU|f banda in 
spu'tra uf some long chain polymethylenlc compounds in the 
solid aUte [47]. 


C^aJh kngfh 

■ 1 '■ ■ ■ r' ' r ' ' 1 ' 1 ' 

1380 1340 1300 1200 1220 1180 



Mg— 


mSS 


5iz 

" T'f r 1 III — 




•rnmmmmmmmmmmwm 

R?ir 



1 

1 

1 




t380 1340 mo mo 1220 1180 

— 0, cm ’ 

Fig. 1M7 ProgresiioDS of bands in inlrarrd spectra of long chain 
carboxylic acids in the solid state, 'rhe number of bands Increases 
with chain length [47]. 

li. Isoalkanen or isoparaffins 

Spectra of isoalkanes differ from those of straight chain alkanes in the 
750—1500 cm~* region. The characteristic aspects are due to C— C stretching 
modes, to skeletal inodes, and deformation modes of C— H linkages of methyl 
and methylene groups. Vibrations arising from the lertiaiy C— H linkage are 
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{ffieieiitai well. T1 i 6 three vibrational modeB of tbUlinktiige an shown inFif. 
Generally speaking, the H stretching mode is difficult to identify. A 
vny weak band around 2890 cnT^ is assigned to this mode [19]. Deformsh 
tion vibrations (Fig. Il-2b and c) of the ^0— H linkage are doubly d^^enw- 

ate in symmetrical molecules (e.g., in isobutane), giving rise to a single 
absorption at about 1335 cmr^. In molecules with less symmetrical struc- 
tures the band can be split into a doublet between 1330 and 1360 cm*^. 
Since this region is extremely close to the deformation mode of the CHg 
group, the absorption of the tertiary C-H group is usually very difficult 
to identify. 

Branched hydrocarbons i^tth one or tno methyl groups attached to the 
same carbon atom, either terminal or internal, have been studied more 
systematically [48, 19]. Some representative structures are shown below: 


CII, 

11 
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-c-cLc- 

1 

CHj-C— 11 

1 

r.iij-c-R 
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Ul, 
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1 
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Although there is no general agreement on exact assignments of all 
frequencies, particularly the skeletal ones [48], some bands are ui value in 
identification of various types of branching. 

CH, 

a. Isnalkimos with f-liulyl groups Cii, ii Tlie /-butyl gionji lieliaves 

oil, 

like a rigid entity. Us three-fold syimaetr> prerludes rotational isomerism. 
Rotational isomers observed m branched hydrocarbons with /-butyl groups 
arise from the hydrocarbon group R attached to it. 

The first member of the isoalkane series containing a /-butyl group is 
neopentane. Though assignments of vibrations in neopentane and deutero- 
neopentanc [18] are not conclusive, some rhararteristic frequencies for the 
/-butyl group could be pointed out. 

Several CHg groups when attached to the same carbon atom give rise 
to a characteristic splitting of the band because of the symmetric deforma- 
tion mode of the methyl group, which in normal alkanes appears at 1380 cm**^. 
In structures with /-butyl groups, two bonds arise with mean frequencies at 
1397±5,and I370±3 cm-i. 
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Of great practical value for tiie identification of the f-butyl group are 
two strong bands in the infrared (and Raman) at about 1250 and 1210 rin*^ 
lliese bands certainly arise from the splitting of the 1249 cm~^ band in 
neopentane, which is considered to be either a skeletal vibration or nu iii- 
phase rocking of the f<batyl group |1S] (Table IT'S). 

Tabtt U-S Charaeterlsllr Irrqnonclcs (miH) in Imllmun nllh Mnilyl oniuiiM 

[4H) 


Jh diocarbim 


vG— C or CHif 


vC-C 

2,2-illimthyJbiUdjiP 

1252s 

1217« 

929m 

7nw 

2 ,2-dinielhylpentaiii‘ 

1200 

1200 

920 

741 

2»2-dimethylhp\iini 

1250 

1202 

932 

— 

2 ,2 ,:Mr impthy Ibutanc 

ll''i2 

1212 

927 

6B6 

2,2,3-lrinietlivlpeiitdiii 

1214 

12JK 

928 

7lfi 

2,2-dimelhyJ pthylpi'iiUiiie 

I2JS 

12J8 

9J9 

729 

* 111 Ihe iKTuiiI state: s — strung; w 

weak; m iiieilium. 




It must be poiutcd out that the 1250 cnr^ baud is constant in position 
wheu R is changing. The 1210 cm~^ band viuies. Generally <>p(‘nking, its 
frequency decreases when the mass of the R group increases. In rompnnnds 
with branched R groups, the decrease m Irequeiiey is smaller when the bran- 
ching is closer to tlic f-buUl gioup. The relative intensity ol the two hands 
depends to a large extent t)iL the stiueture ol the molecule in the vicinity 
of the f-butyi group. Generally speaking, the intensity of the 1250 cnr^ 
band is higher. However, if the 11 group is branched in the Mdiiity of the 
/-butyl group, the 1250 rm“^ band is weaker than that at 1210 cm’^. The 
low intensity band arising al 01)0 inr' raiiiiol lie used lor Ihe ideiiUlien- 
tioii of the /-butyl grou]) herause ol hands ol similar intensities arising 
in this region Irom o^er alkanes. 

b. Tiwalkanes with isopropyl groups (CHslgCII I). Lsobutane is the lirst 
nieiiilu'i ol this senes (It (UI,). The isobutane moleiiile has lieeii tlioioiighly 
uives ligated [18|. ('.oiilrary to ihe /-hutyl group, lln isopropyl group is not 
symmelricdl and even in llu simplest case ol 2-meth^ llmlaiie, conformational 
isomers arise in solution. In these isomers Ihe isnprop) I group makes the spec- 
trum more complicated. 

The presence of ihe iBopTojiyl group cau.ses a splitting ut the band arising 
from the symmetrical deformation mode ol the methyl group. The high Ire- 
quency component nf the doublet ari.scs at 11)80 - 1385 em~' and the low fre- 
quency one at 136fi -1372 cm~'. The band at 1370 cm"* is of value for the 
ideutitication ot the group, even if the other component of the doublet at 
about 1380 cm~* is nbeni ved by absorptions due to other methyl groups m 
the molecule. 

Of great value for the ideiitiliratioii ol the group is the lower Irequency 
band at 1 1 70 enr * (Talile 11-0). Thus medium or high intensity baud is sensi- 
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labt* Il~8 Clumctwlatk) fn^Mmlak (var*) In iMMlkuM* ulit laapiopyl |na|N 

(CH,),GH-B 148] 


llvili^rnibon 


vC-C or -rCIl.r 


vC.-G 


2 inethylLutaiie 

117G 

1149 

92U 

074 

2*niBthy]p(*nianc 

im 

1147 

920 

816 

'i-melhyjlicxane 

1171 

1145 

m 

822 

2-nielhy](>c1ane 

1171 

1144 

919 

824 

2,.^dinu>thylbutam 


J15.S 

921 



In Liu* Jjquicl stale*. 


tivi‘ III stiuctiiriil rliniiKes in tho hydrorarlion ({roup l{. rndmililedly it runes- 
ponils to th(‘ 1 170 rm"' band in the speetniin ol isobulano. The band at 
955 riu~^ ol variable intensity and the stron|{ baud at 920 cnT^ occurring in 
compounds with isopropyl groujis are of limited value lor the identification 
ol these groups because of absorptions arising in the same region from com- 
poiiiids with /'butyl groups and man> other alkanes. 

The isnnlknnes s\ith two isopropyl groups give rise to the same bands as 
those will) one gioup. In these compounds, lor example, in 2..'l-dimethylbu- 
Itme, (onlovmalional isomers can be observed |1R]. 

C 

r. Isoalkaiios \tilh an iiileriiul quRlernnrji carbon tiloni c-c-c- . 

I 

u 

These isoalkanes contain the structural mill whiili has some analogies 
with the /-butyl group. 

The baud arising iroin the symmetrical deformation mode of the CH3 
group .shows thi ih.iracteri>>tie splitting into a doublet at i:i8f and 1367 cm"^. 

(jimpouuds ol this structuie have two additional strung bands 121(1 ciir^ 
.mil 1190 cm"^. The l.itlcr has a coiistanl Ircifuency and, being the strongest 
one III tins region, is ol value tor Die idintitication of stnirlnresvvith a ({iiiitei- 
iiaiv i.irlion atom (Table II-7|. 
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1005 
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J-plhyl-3-im*lhylppntaiu* 
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lOlG 
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In thp liquid stale. 
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The hand arising at 1000—1010 cm'^ is particularly strong in strnctafes 
with a quaternary carbon atom and an ethyl group. The low frequency 
region (below 000 cm~^) is too complicated to he of value for identification 
purposes [48]. 

d. Isoalkaneswilh internal tertiary carbon atoms. These compounds have 
the unit whirh has some analogies with the isopropyl group: 

H H H 

I I I 

-c-c-R- _c-c-c-r.-. 

I I I 

R r. c 

Interpretation of spectra based on comparison between the two types 
of compounds is diflirull because of coupling of vibrations arising from this 
group with those arising from the rest of the molecule and because of the 
existence of rotational isomers in spectra recorded in solution of in the liquid 
state [2]. Some rharaeteristic bands in s]ieetru of these eomponnds are shown 
in Table 11-8 1 18]. 

Tablf II f l.harurlrrlitlc frsqnuiciM (enH) in iKualkanni tillli ipriJnry rnrbon aioini* f48] 
Hydrocarbon vC*.- ( iir vf.lljr vC - 0 


:Vmethylpeiitane 

1155 

104.1 
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— 

3-iiiethylhexane 

1155 

1032 
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817 

ll-melhylheptanc 

1155 


1011 

81 U 

3-methyloctaiie 

1155 

lUl') 

1012 

- 

3-ethylpcntane 

1155 


1005 

83.5 

S-ethylhexanc 

1155 

1043 

1011 

821 

2,3-dinipthylbutaiu‘ 

112M 

IOOIj 

021 

— 

2j3-d Inipihylhcxanr 

1127 

107.5 

nio 

750 

3 ,4-d imethylhexaiiL'* * 

1122 

1074 


730 

4 1 5-dlmeLhylorl an c 

1124 

1077 

OUl 

— 

* In the liquid stair 
** Absorbs at 1100 rnr' 




(Jl, 


The CH),— Cllg— (’ -group in brnnebedlKIt-dimetliylalknne'. r.Hj— cir,- r. -li 

' o'n, 

shows the deformation mode doublet of the methyl group in nlkanes with a 
quateruary carbon atom at l!t81 cm"’ and l!b)7 em"’ |t8J. 

3. Gyclie saluralod hydrocarbons 

Cyclir saturated hydrocarbons (cycloalkanes or mnnoryrlii- eyrtoparaffins) 
have rings with n ^ 3 methylene groups. Bi-and polycyclic compounds with 
fused rings can formally be considered as arising from monocyclic compounds 
by bridging of two or several carbon atoms. 





UVOROQAttHON/i 


149 


befeldeft stretcfaing and dafonoation vibrations of G**H linkages, skeletal 
C— C vibrations which could give rise to charnrteristic vibrations dependent 
on ring sue have to be considered as well. The different nature of covalent 
bonds m these rings, as well as a number of steric factors are the most impot> 
taut elements iu assignments of characteristic frequencies in cycloalkanes. 
T^re are important differences between strained three* and four«meinhered 
rings with abnormal linkages and larger strain-free rings. For this reason, 
strain-firee cycloalkanes and small-ring cycloalkanes (C,, C|) arc described 
separately. Medium-sized rings C^— show some special features because 
of the proximity of CH, groups imposed by the geometry of the molecule. 
The spectra of cycloalkanes with large rings, above 12 carbon atoms, are simi- 
lar to those of straight-chain alkanes. Bi-aiid polycyclic compounds show 
'soiiie special features and will be treated separately. 

a. fUrain-frfc tycloalkmes 

In strain-free rings, carbon aloms do not show appreciable deviation from 
the sp^ hybridization of straight-chain alkanes, Steric factors arc mainly res- 
ponsible for drifts in frequency. 

a. C-II atretehing mode. In live- and six membered rings, stretching 
modes of the C1I| groups give rise lo the same frequencies as in acyclic satu- 
rated hydrocarbons. 

The symmetrical stretching mode of methylene groups in cyclohexane 
has a frequency of 2S54 rm~^ and the asymmetrical mode, of 2927 cm"^ [SO]. 
Ill cyclopeuteue Ihe vCH, u&yin band arises at a higher frequency (2967 cm"^), 
while the vCIlj sym band is closer to the average position (2678 cm*^). In 
the same region a number of secondary bands complete the characteristic pattern 
of each hydrocarbon. Thus the spectrum of cyclopentaiic shows a weak baud 
at 2933 cm~^ assigned to a resonance with the overtone of the scissoring mode 
of the methylene group [51 ]. In liquid films, cyclohexane and cyclooctane show 
a number of absorptions with less than medium intensity in the 2600 —2801) 
cm”^ region 150 —52]. Figure 11-18 shows the 2500 3WK) cm”^ region in inlra- 
red spectra of cycloalkanes with .'i, 6, and 8 carbon atoms. 

In alkylcyelupcntanes the v(']l 2 asyin band overlaps with the vCfIg nsyiu 
band of the side rhains. The bauds at 2800 - 3000 cm”* have been used in 
quantitative anulvsis of ryrloparaffins iu mixtures with straight chain alkanes 
|53, 54). 

Ill medium-sized rings trniisaiiiinlar interacliuns are observed [55--57]; 
for example, in cycludecanol the distance between hydrogen atoms inside the 
ring is 1.8 A ]55, 57] and the frequency ol the C- U vilmilions ol the respee- 
livc bands rises to 2991 cm”*. In the twelse-membered ring, in which the 
IrousBunular II— H distance is 2A, no change in C— H bond f’^equencies is 
observed. 

l^arge rings can be considered as two chains of straight-chain alkanes with 
fruns zigzag configuration having joined ends. Along with other physical and 
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ebemical propertiea, the sipecira ul these cycloalkanes are similar to those of , 
straight-chain alkanes. 

b. C*H dflformatioo modes. The most characteristic vibration of the 
CH| group ih the scissoring mode Its absorption arises in the same uncrowd- 
ed n'giun us in n-ulkaucs (t'ig. 11-19). 

Ill cycioheimne uiid cyclopeutune, the lit)(|ucncy of this vibration is slightly 
lower than the 14G8 enr^ band in straight-chain alkanes. Cyclohexane has 


T 


JM8 liilraifd spcctia of home cyclonlkaiies in the 2500- 1)000 ini'i ip- 
gion (eomblnalion and fiinclamentnl (111 JunfK) 



a single band at 1450 cm~^ and cyclopentane at 1455 cia~^. Because of this 
decrease in frequency in alkyIcycioparaffin.s, the baml arising from the seissor- 
iiig mode of the ring methylene group differs in position from the 1400 cm*’ 
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Fig II-IU Inliarril ^perlra ot some ryclopuial/ins in 
lhi‘ region of C-II deformation iiiode<i. 


band arising from the nsymmetric deformation mode of the side cliiiin CII 3 
group. In methylcyclohexane the frequency of the SCH, band is 1452 cm~^, 
while the JiCHg asyra baud arises at 1466 em“>. 
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In ethylcyclohexane the vibration of the side chain CH| group cannot be 
identified. While the ring SCH| band remains constant at 1452 cart, the 
1464 cart band contains both the SCH, and the $CH, absorptions. 

In more complicated structures, for example in steroid hydrocarbons, the 
spectrum in the 1300— 1.S00 cm~t region is more cam])lex. In many instances, 
however, it is possible to identify characteristic bauds of various deformation 
modes arising from GH| and GII, groups in rings or side chains [51]. 

In medium- and large-ring cycloparaffins, taro or three bands arise in 
this region, depending on ring sise (see Table lT-0). The maximum difference 
(Aimx) Is 10—43 cm“t. 


Table 11-9 Kivqueiirjr ol Ibr 8(.il drlnriiitillMn iiiitdei. In I'jrelopanillliif [58] 


nydroeHrllon 

Number of 
atomi In 
the finff 


cm"^ 


dmax, e 

Gyclopeniane 


1455 




Cyclohexane 

ii 

1450 

- 

- 

— 

Cycloheptane 

7 

141)1 

1153 

- 

11 

Cyclooctanc 

H 

1477 


1450 

27 

Gyclononane 

9 

1487 

14b0 

1444 

43 

Gyclodecane 

10 

1483 

1454 

1445 

33 

Cyclododccane 

12 

1470 

M47 

- 

23 

Cyclotridecane 


HOI 


— 

14 

Cycloteiiadceane 

11 

1403 

1440 

- 

17 

CycJo])entadecaiie 

15 

lino 

H49 

— 

11 

Cyel oho xa decane 

Jli 

1461 

1448 

— 

13 

Gyclohepiadeeane 

17 

1460 


— 

10 


The multiplicity of 3GHg bands in some cycloparaffiiis was attributed to 
routormatioiinl effects. Depending on their arrangement in space several vibra- 
tional types of methylene groups can exist. In cyelopcntaiie and cyclohexane 
all CI1| groups are equivalent because all of them have a relatively equivalent 
oricntalinii. Their spectra have a single band arisiug from Ihe SGIff mode. In 
medium and large rings, Gil, groups can be oiiented in such a way as to 
become noiiequivnleut with respect to their relative positions. .Some ran be 
larther apart, others can be closer together. Vibratiuual interaction of tlie latter 
will obviously modify ihe deformatiou Irequeiicy. In spectra of medium- and 
large-ring cycloparaffiiis, two or three absorptions in the 1413 -1487 cm~^ 
were indeed idiscrved. Based on these observatiuns the following rule was pro- 
posed [58]; a molecule with x distinct SCII, bands has at least t types of GII, 
^oups; this dilferentiatioii is due to neighboring effects. 

c. Riug vibraliuiis. Many papers point out the constant appearance of ab- 
sorption bands at 680—1260 cm~^ in spectra of compounds containing rings of 
various sizes. These absorptions were assigned to characteristic ring vibrations. 

In cyclopentaiie and in compounds with cyclopeutane rings, bands arising 
at 900 cm'*^ [59] or 930 and 977 cm'^ [60,61] are mentioned. The 950 cro"'^ 
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band in the speotrnm of eyclopentone was assigned to tbe C— G stretching vibni' < 
tioD [62]. In substituted cyclohexanes the following bands are mentioned: 
860-890 cm"^ [51, 59. 61, 63] or 9$2-1000 cm*^ and 1000-1055 cm*^ [60]. 

In cycloheptane ring vibrations are believed to occur at 960 cm'*^ [64] 
and in cyclooctane at 708 cm~^ [Cl]. However, a critical review of absorp- 
tions of cycloparaffins in this region points out the absence of reliable corre- 
lations between bands and ring size [65] (see also "Strained Cycloparaffins”). 

d. Gonlermation o( eycloalkanea. In the classiral configuration of a 
cycloalkane the atoms can be oriented in space in several ways due to restrict- 
ed rotation about simple C-C bunds. Eaeii of the resulting conformational 
isomers is » distinct molecular s|)e(‘ies [6(>j. Heing dynamic systems with 
a finite number of conforniiitional possibilities, the cyclualkanes will adopt , 
(under normal conditiun.s) forms corresponding to the iowest values of the 
potential curves. The potential barrier between various conformational iso- 
mers is low and at normal temperature their interconversion occurs readily, 
reaching an equilibrium. The ratio of isomers at equilibrium is temperature 
dependent. In many instances only one conformer is present, the other ones 
being energetically unstable. .\ useful method fur establishing conformational 
homogeneity or heterogeneity is the study of spectra at various temperatures. 

When a system contains appreciable concentrations of two or more con- 
formers in dynamic equilibiium, these confonners can be detected by infra- 
red spectra (see "Cyclopenlane”). The majority of basic cycloalkanes have 
been .studied irum this |iuint of view. The results of these studies are as 



Fig. 11-^0 The infrarril spntium ot I'yrlopeotane. Solid lino - liquid fUni; dotted line — dilute 

solution In CG1|. 


reliable as those obtained by other physical methods (electron diffraction, 
X-rays, ni.clear mngnelie lesonanre). 

1. Cyclopentaiu . The conformation of cyclopentane has been studied by 
a great number of physical methods. The classical planar pentagonal configu- 
ration belongs to the symmetry class Diu- In this model the five CHg groups 
should be ecUp.scd. Vibrational spectra of cyclopentane (infrared, Raman) 
do not exactly fit this model (Fig. 11-20). 
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, There fire differences between frequencies calculated on the basis of the 
planar model Dsn (Table 11-10) and the experimental values, mainly in the 
region of C— G skeletal vibrations [62]. 


Table Il~10 CaleulBtei fniunflw fur ryFlupraUiDe ulUi Dss lymiuetry [02] 



DofoTiu. C-G-C 549 — 


The (lisercpaiK'v heLween (‘xperiniciitiil valius mid Ihosi' calculiited for the 
Du symmetry rould not be explained on the basis of a iion|)lanar regular pentn- 
gonal model with n single oiit-of-plune carbon alom |l)7]. llather the inlrnred 
spectrum corresponds to a mixture ot several conrormational isomers of about 
equal stabililv, resulting from a twisting of CHj groups about Ihe G- C bond, 
liie resulting model is that oi a nonplaiiar pentagon with a carbon atom 
allciiiatelY bent liy 0.2A nut ot a plii.ie passing through the other four carbon 
atoms, 

2. Cyclohexane. Electron diffraction has shown [68] that under normal 
conditions cyclohexane has a chair conformation (i) (Fig. 11-21) with D|| 
symmetry. The electron diffraction data do not exclude, however, n minor 
contribution of the less synimelncal boat form (2) (Fig. 11-21). 


Table ll-ll OlHervtd and rnli'nlalad liaqupm‘li>>i In 
eyolopentnne [62] 


Vlbrolioii 

type 

V obberved 
cm"^ 

V nilnilateil (Dgii) 

CUl”^ 

8CH, 

1462 

1449 

8CI1(C 

1.376 

1298 


1317 

— 

8Cll|(ti 

1250 

896 


050 

— 

Iffiiv 

695 

951 


950 

— 

vC-C 

827 

— 


769 

— 

Deform. G-G-G 

616 

— 


547 

— 
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In the lower energy, more stable chair conformation, all the GH| groups 
are staggered. The Raman spectrum [69] fits the Dm model but at higher 
temperatures a dynamic eipiilibrium between the two forms (1) and (2) is 
not excluded [70J. The vibration modes of the cyclohexane ring in the chair 



( 1 ) ( 2 ) 


Fig. 11-21 GonforniaLioii^ of rycloliexanf: (a) axial bonih; (e) equatorial boiirls. 


form (Dji symmetry) are shown in Fig. 11-22 [71, 72). The eoordiuales and 
numbering arc adapted from data for the six-membered ring I?.*)]. The delnr- 
mation modes of cyclohexane are shown in Fig. II-2.3. In the chair confor- 
mation, SIX nut of twelve C— H bonds are approximately parallel to the tri- 
gonal symmetry axis of the molecule {axial or [wlar lionds). The remaining 
six bniirls are approximately parallel to the horizontal plane of the ring and 

are known as equatorial bonds. In vibration- 

Tahlf n-is at bands In «! 

ih^ inlnred iprrtnun of differentiated. Ihey give rise In a single 

ryrlobeune [7aj absorption at 1450 cm~*. 

The assignment of bauds in the infrared 


Pnquenry. cm' Vil)ratlon typp 


522 

Deform. G-G 

864 

vC-C 

903 

YCII,r 

1030 

ych^ 

1261 


1348 

SCHjg/ 

1456 

8GH, 

2854 

vCH| sym 

2027 

vGH| asyn 


spectrum of ryriohexane (Fig. 11-24) is 
shown in Table 11-12 [70, 72, 71- 76 j. 

In monosubstituted derivatives of cyclo- 
hexane, the substituent can I)p either in 
an axial or an equatorial position. Confor- 
mations with equatorial siilistituents are 
energetically favored. In some olkyleyclohex- 
anes the conformational heterogeneity 
could be pointed out by infrared spectra [70 


HYDROCARBONS 


149 


The axial or equatorial orientation of substituents can be clearly demon*' 
siratrd in compounds with polar substituents, halides, halokelones, and 
alcohols (see below). 



Fig 11-22 Vibration modes of the tyclohexanc ring in the chair form 
(llM symmetry). The atoms above the plane of the drawmg are repre- 
sented by hatched circles; those below by srhite circles. For each de- 
generate mode only one of the two component vibrations is represen- 
ted 172], 


3. Cj/r/fwrfanr. Three* conformations (J), {4), and (5) have been proposed 
for the eighl-iiiembered ring [57. 77—79]; 



(3) and (5) are more probable. The constant number ot bauds observed in 
infrared spectra of cyelooctane at various temperatures (77, 78] loads to the 
conclusion that it exists mainly in one conformation, 'fhe rroum conformation 
(8) has three different types of CHi groups, differentiated by neighboring ef- 
fects; conformations (4) and (5) have two types of CII* groups, "nie infraied 
speetnim of cyclooctane (Fig. 11-25) shows three 5CH, bands arising at 1477, 
1470, and 1450 cm"* (3); therefore it was concluded that the crown (3) con- 
formation is the most probable one. This eonclusion is also supported by the 
r<ut that ryclooclanr exhibits trnnsanniilar mtei actions. 
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4. Cffclomnane. A number of geometrical models have been proposed 
for the cyclononane molecule [80, 81]. Those with C or C‘ symmetry should 
have five types of CH, groups whereas those with G 
symmetry (S) should have three types of CH* groups. The 
infrared spectrum of cyrlononane shows three bands ^CHg 
arising at 1487, 1469, and 1444 em“* [58], This favors 
conformation (6) which belongs to the point group r«. 


5. Cjfcloderane. The conformation of the ten-membered ring was widely 
discussed because of the low reactivity of the carbonyl group in ryrlodera- 




none [57 1. Molecular models with Cm or Ci, symmetry seem more probalile, 
since thev are in agreement with the proporlie.s of this system [80]. How- 
ever, other jiossiblc conformations cannot be rvrluded. Structure (7) with 
lliiee types of CH| groups is supported by infrared data 
(three 8CIlg bands at 1483, 1454, and 1445 cm-i) [58] 
and is in agreement with the X-ray analysis as uell [82]. 

In cycludccanol the transannular interaction oi the meth- 
ylene groups increases the VCII 2 frecfuency, by an ap- 
preciable amount and the corresponding band arises at 
2991 cm-i [52]. 

0. Cjfclododfcane. The structure of cyclododecoiie was” the first one among 
rycloalkane.s to be established by X-ray analysis [83]. The infrared spectrum 
(two 8CH, bands at 1470 and 1447 cm”*) .supports the existence of two types 
of Cllj groups, possible in structures with Dsd symmetry [58]. This conform 
mation explains the properties of the carbonyl group in cvclododecanone, 
which can adopt a sterically nonhindered position [57]. 

7. Largf rings. Kings containing more than 12 carbon atoms can be visual- 
ized as two connected parallel chains of n-alkaiies with from zigzag conforma- 
tion. The distance of 4.45 A between chains (determined by X-ray analysis) 
corresponds to the distance between chains in a crystal of a stralght-diain 
alkane. Spectra of cycloalkanes with 12—17 carbon atoms show two 8CH| 
hands arising at 1460- 1463 cm"* and al 1116 1450 cm"* [58]. The distance 
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between the maxima of these bands (aec Table II-9) is slightly laiger In even- 
numbered carbon atom rings than in odd-numbered ones. 

b. Cycloalkanrs with strained rings 

In normal, medium, or large ring rycloaikuncs, the distortion of the nor- 
mal bond angles of the carbon atoms is negligible. In these molecules chemical 
bonds are formed according to the principle of maximum orbital overlap and 
the hybridization, sp‘, is the same us in n-alkanes. 

In small ring cycloalkanes (C,. C 4 ) the distortion of the two orbitals of 
the ring carbous (to GO’-equilateral triangle m cyclopropane and OO’-squarc 
in cyclobutane) would result in considerable strain. However, the eneigy 
content of these molecules, although increased by comparison with the other 
cycloalkanes, does not support these models. It was shown that an energetic- 
ally more favorable arrangement is achieved if one assumes that the two 
orbitals of the C - C bond form an angle G with the line connecting, these two 
atoms |84]. The calculated value of angle 6 is 22” in cyclopropane and 9” 
in eyclnbutaue. Such an orientation imposes a deviation from the principle 
of maximum orbital overlap but the decrease in ring .strain makes the system 
mon* stable. These bonds are of a sperial type; they are somewhat bent (banana- 
shaped; Fig. 11-26 and 11-27). 

In this model |B4] the orliitnls no longer have an sp^ hybridization in 
which the sjp ratio is 1/3. The C— C bonds have more p (^arncter, while the 
C— H bonds have more s character. The s character of C— H bonds in cyclo- 
propane is thought to be 32%; In cyclobutane the s charncti'r to 27% [85 J. 
Ihe increase in s component in the hybrid orbital of the C H bond increases 
the force constant and thus the vibration frequency. In cycloprop.nie the 
vCH frequency is greater than 3000 cm~^, approaching values of C H fre- 
quencies for sp^ hybridized carbon atom,s (nlkcnes, aromatic hydrocarbons). 



Fig II 26 C-C orbitals 
in ryeiopropanc. 



Fig. 11-27 C-C orbi- 
tals In cyclobutane. 


a, Cyelopropane. Electron diffraction data show [ 86 ] that in the model 
corresponding to the cyclopropane structure the three carbon atoms are at 
one corners of an equilateral triangle and the C— H bonds are in median pla- 
nes perpendicular to the plane of the triangle. Such a system belongs to the 
point group |87]. Tlie calrulated normal vibration modes for cyclopropane 
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with Jib lymmetry agree with experimental data obtained in the inftared 
in the liquid and i^kous states [85—88]. In the crystalliite state (orthoiiidb* 
blc, Csf or liik symmetry), the molecules are in a lattice wi& (4 symmetry [89]. 

Of the 21 normal vibration modes of cyclopropane (with ^ symmetry) 
14 are doubly degenerate, resulting in 14 distinct frequmicies [89]. The ^s> 
tribution of vibration modes for irreducible representations of the Da sym- 
metiy (T) is, 

r=3A|"|-lAj-|*lA2-|-2i4g 4E*-|-3E* 

The rorresponding fundamental frequencie!. are shown in Table IMS. 


Tablf ll'li FroqurarlM (ruir') nl luiidaiBeiital tlbnllon modw In eyelsprspiM [60] 


Vibration 

mode 

Speciea 

Type 

Vapor 

H 

IH 

Liipiid 

R 

m 

Gryital 

IR 

V, 

Ai 

vG-H 

3038 

m 




V| 

A,' 

8 CH| 

1454 

in 

1453 

1453 

1454 

V, 

Aj' 

ring 

1188 

m 

1168 

1191 

1194 

^4 

Af 

aciv 

1133* 

in 

1131 

1129 

1133 

Vg 

A’ 

8 CH|ID 

m»* 

in 

— 

— 

1078 

Vg 

Ai 

vC-H 

in 

JlOl 

— 

308! 

3073 

V 7 

AJ 

YGH^r 

in 

852 

— 

— 

855 

Vj 

£' 

vC-li 

3030 

3025 

3099 

3013 

3004 

Vfl 

E' 

8 CH, 

1442 

1142 

1434 

1432 

1424 11.U 

^10 

J/ 

ring drfonna- 








tion 


1028 

1023 

1026 

1027 

Vll 

h’ 

8 GH,uf 

m 

860 

866 

865 

865 

Vja 

E' 

vG-H 

3082 

in 

3075 


\m 




1168 

111 

1178 

1191 

1200 

Vj4 

r 


738 

in 

7J1 

741 

7m 


* Forbidden. 

** Inactive. 

Only species Al and E' are active in the intrared. The four degenerate 
vibration modes E* corrcsjiond to C II stietchiug vibrations (vg), deformation 
vibrations of the CHj groups (v, and Vy) and to the delormation vibration of 
the ring (vjg). In spectra recorded in the vapor phase, Q branches occur at 
3025, 1442, 1028, and 860 cm"i [ 88 , 90]. The spectium of liquid cyclopro- 
pane shows broader^ weaker bands at 3013, 1432, 1026, and 865 cm"^. In crys- 
tals, vibrations v,. Vig, arise at 3004, 1027, and 865 cm"^ and v, appears 
as a doublet at 1434 and 1424 cm~^ The A, modes rorresponding to the 
C-H stretching vibration (v,) and the in-plane rocking of the CIIj group 
(vj) arise at 3101 and 852 cm~^ (vapor, branch R). In the liquid phase vg arises 
at 3081 cm"^ and is stronger, while V 7 is totally covered by the vibration vij. 
In rrystals, Vg arises at ,3073 tmd v, .il 853 cm ^ 
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b. €ompoiinds with cyelopropane rings. For the characterixation of 
coftipounds with cyelopropane rings, two regions have been extensively stu- 
died: 2900 -3100 and 800-1100 cm-^. 

The region 2900 — 3100 cnT^ corresponds to stretching vibrations of ring 
C—H bonds. As shown above, because of the increased « character of these 
bonds the values of the vibration frequency arc those of the G— H bonds of 
sp* hybridised rarbon atoms (unsaturated compounds). The high frequency 
is in line with a number of special propertieB of cyclopropane. 

Accurate assignment ot absorption bands in this region depends on the 
resolution power of the equipment used [91]. In recordings with sodium 
chloride prisms the cyclopropane baud arises as a shoulder on the saturated 
vCH vibration. Only li&ium fluoride prisms could secure the complete 
resolution of bands. In the case of mixtures or of cyclopropanes substituted 
with unsaturated or aromatic groups, possible overlaps with =C— H bond 
vibrations must be taken in account. Because of its high frequency (v€H| 
8ym=3020 cin'’^, vClI^ a8yni=3085 tbe cyclopropane methylene group 
call be easily distinguished from the methylene groups of other alkanes [92]. 

A great number of monosubstituted derivatives of cyclopropane [92] 
show a band of 2995—3030 cm~^, as well as a band at 3072—3099 cm"* [50]. 
The value of these bands for the identifiration of three-membered rings in 
cyclopropane derivatives with CHR or CR| groups is questionable [93]. 
Investigation of the 2900—3100 cm"* region in a great number of cyclopropane 
derivatives with one or all hydrogens replaced by different functional groups 
or in which the eyclopropaiic ring is part of a condensed system has shown 
that only 19% of the compounds alisorb in the 3030—3050 cm~* region 
[94 1 . The band position is affected by the substituents to such an extent that 
in .some cases no definite conclusions with respect to the existence of a cyclo- 
propane ring in this region can be drawn. 

Some phytosterols show a band at 3030 cm"*. This absorption was assigned 
to the stretching mode of a C— II bond in a condensed cyclopropane ring. 
The band arising at 3021- 3058 cm"* is considered characteristic for steroids 
and terpenes with a CII( group in the three membered ring. It is thus possible 
to dilferentiale compouiuls containing .substituents at one, two, or all three 
carbon atoms [95]. 

The 800—1100 cm"* legwii has two intervals (790 -860 cm"* and 1000— 
1020 cm"*), corresponding to absorptions of the cyclopropane ring at 860 cm"* 
(C—H deformation modes) and 1026 cm"* (deformation mode of the ring). 
1,1, 3-Trimethyl- and 1 , 2-dimethyl>3-ethyIcyrloprepane give rise to absorp- 
tions at 866 and 1026 cm~* [96]. In a number of hy^ocarbons with a cyclo- 
propane ring [97], the 866 cm"* band could not be identified; however, bands 
at 1000—1020 cm"* have been observed. In 34 substituted cyclopropanes 
bands at 1017—1025 cm"* were constantly found. They were correlated with 
the presence of the three-membered ring [98, 50]. Although the 1020 cm"* 
band is present in spectra of many cyclopropanes substituted with various 
functional groups, some authors consider the 3000 rm~* region more reliable 
for the indentifiration of the three-membered ring [92]. It has been shown 
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, tiiat ont ol 42 substituted cyclopropanes, only 81 % uive rise to bunds at 
1000-1035 cm“i and 17% at 850 -870 cm-^ [941. 

The possibility of utilizing bands in the 800—1100 cnT^ for identification 
of cyclopropane rings has been discussed by several authors [93, 94], Although 
these bands arise in spectra of many compounds \eith cyclopropane rings, 
over 50% of organic compounds of various structures absorb in the same 
region, which makes these bands unreliable for diagnostic purposes. 

c. CyelobaUno. Considering cyclobutane a dynamic system with finite 
rontormational possibilities, three conformations can be examined: Du, pla> 
nar (Fig. II*28a): Dai, nonplanur (Fig. 11-281)); and Dm planar (Fig.n.428c) 



Fig 11-28 Hypothetical fcymine tiu'. ol the cyclobutane molecule; 
(A) >4|| PlAUari (S) Om nonplBiiar; (c) Ifi ptanar. 


[U9, lUO, 105]. The planarity of the iiug in the equilibrium conformation is 
suggested by the strain of C— C- C bonds. On th other band, twisting about 
C— C bonds and tiansannular Cf Cs repulsion [101] tend to give rise to a 
nonplanar contormation (Dm). 

The frequencies, symmetries, and activity ot the tundamental vibration 
modes of cyclobutane in the two probable symmetry groups are shown in 
Table 11-14. In any one ot these groups, the Tiaman spectrum must be very 
different from the infrared spectrum. 

The speries Dit h.is six fuiidameiilal vibrations active in the infraiod, 
11 in Kaman (the rule ol mutual exclusion is .ipplied), ami six inactive vibra- 
tions both in Raman and the infraied. The species Dm has 12 vibration modes 
active in the infrared and Raman (coincident). Nine are active only in Raman 
uiul two aie inactive both in Raman and the uifraied. 

Since the number of observed strung bands is i lose to that calculated for 
the species Da, the tirsl spoctruscopic hypothesis concerning the structure of 
cyclobutane predicted a plauar configuration tor the skeleton formed by the 
tour carbon atoms [99]. 

By electron diffraction it was eventually shown that the cyclobutane ring 
forms a dihedral angle of 20”, but it was not possible to determine whether 
the ring is nonplanar, static with Dm symmetry, or dynamic with D* sym- 
metry and a strong out-of-plane deformalion motion [102]. Investigation of 
ilenteralod cyclobutane has shown that vibrational siiccfra can he interpreted 
as either D« or Dm symmotnos [103J. 
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Disrrepiincy meahuicd enthropy values [103] und those culcu- 

liited fill a planar model lead to attempts to iiiterpirt Raman and infrared 
spoptra ol eyclobiituiie as arising Irom n iionplauar moleeule vith Du sym- 
metry [11)0]. This hypothesis turned 
out not he completely true either, be- 
cause it was impossible to identify all 
allowed vibration modes or coinei- 
dences which should arise on loss of the 
center of synunetry (see Table 1 1-15). 
The authors think, however, that three 
coincidences (630, 750, and 1220 cm"^) 
which do not seem to be fortuitous 
might point out the existence of some 
molecules in which one carbon atom is 
Old of >1 plane passing llirough the other 
three carbons. On the other hand, chang- 
es in intensity of certain bands with 
temperature seem to be an additional 
argument in favor of the coexistence of 
both structures. On increasing the tem- 
perature decreased intensities ot bands assigned to the Dm conformation 
(see Table 11-15) are observed. The most striking modification is 
observed for the 750 cm'‘’^band; its integrated absorption at dhtl’K was 
evaluated to be 73 <>1 the value louiid al269‘'K. This behavior suggests 



Fig. 11-29 l‘olrntlal energy change with 
dihedral angle in the mnleculc of cyclobu- 
tane 11051. 
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< A model in which the potential energy curve for ring conversion shows two 
minima (Fig. 11-29). 

Hie potential barrier at normal temperature is sufficiently low for the 
existence of an appreciable amount of D* molecules. The 750 and 1220 ctar^ 
bands favor the hypothesis for the prevalence of the Dm structure in liquid 
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sidle. Oil increasing the temperdture Ihe percentage ol the planar form increas- 
es at the expense ol the iiunplauar forms [105]. 

d. Compound- with ryelobutaiie rings. As in the niiie of other cyclo- 
alkniies the most useful vibrations tor diagnostic purposes are those of the 
methylene group. 

vC— C Ting vibrations are less characteristic. They give rise to low inten- 
sity bands and very often are inartive in the infrared. 
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1. C— It stretching modes. In eyelobutane thes/refchiny modes of mothy* ^ 
lenc groupR are shifted towards higher values: 2896 001 “^ (vCH, sym) and 
2074 cm fvCHgasym) [100, 05J. The shift is due to the abnormal character 
of bonds ill this hydrocarbon, which is a transition between the strained 
three-meml)ered ring and nonstrained rings [84, lOf]. 

In cyclobuiitiies substituted with various functional groups (halogen, 
carbonyl, nitrile etc.), C— 11 Irequcncics fall in this range [50]. Three bands 
arise in the 2900--2085 cm~^ region at narrow intervals: 2980 —2985 cm"^, 
2938 —2954 cm~’, and 2922 - 2925 They are considered characteristic 
for this .system. The majority of substituted cyclobutanes show an additional 
hand at 2855 - 2871 rnr'. in methyl- and ethylcyelobutane this band •was 
assigned to the C.II^ or group; however, it cannot be evploined in the 
same way in ammo or halogen eompounds [50]. 

2. CH iltformalioi) wodes. The scissoring mode of CHj groups in cyclo- 
butane has a lower frequency (1444 cm~*) [100] as compared to nonstraiiied 
rings [58]. 

The in-plane rocking mode of the CH, group (yCIV), characteristic for 
saturated hydrocarbons, is the most studied one in the eyelobutane scries. 
In eyelobutane itself this vibration was assigned the 901 cm~^ band. Its 
position is dilfercnt from Uial of the correspomling absorption in cyclopro- 
pane (741 cm“^) or in normal alkanes (720 cm“^). It is iiuictive in Kamaii 
and gives rise to a medium intensity absorption in the intrured [65, 99, 100]. 

For the characterization of substituted eyelobutane rings several bands 
between 800 and 1000 emr^ were prupu.scd with special emphasis on three 
regions; 868 888 cm"^ [106], 900—923 rm"^ |97], and 960 1000 cm”’ [GO]. 
For bands arising at 8.38- 888 cm”^ and 960- 1000 rm~’ no definite a.ssigii- 
ments were made. The baud arising at 900--923 cm”’ 111 sjieetra of mono- 
alkylcyclobutanes was assigned to the CT I, rocking modes ol the eyelobutane 
ring [97]; however, since it is not observed in all four-membered ring eum- 
poun^, it is of little value lor diagnostic purposes [65]. 

In a number of substituted derivatives of eyelobutane (with Nil,, (10011, 
CN, halogen groups, etc.), bands in tlie 907 - 957 cm”’ range were assigned 
to characteristic vibrations ol the cyclobulnne ring [61]. 

A more complete critical study based 011 literature data and on Llie anal- 
ysis of a great number of cyclobutancs substituted with various functional 
groups has shown that all compounds in which the four-membered ring has 
at least one unsuhstituted CH, group absorb in the 900—950 cm”’ range. 
The band arises in all physical states of the respective compound and is as- 
signed to the in-plane rocking vibration YCH,r [65]. Frequencies observed in 
some representative compounds are shown below; 

^CH, ^CH, ^CH-CU, yi 


BOC 


cm-’ 915 


915 


914 


907 
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CBr4 826 XH} 919 019 900 91S 

The converse of this rule is not vdid, since a great many organic mole- 
cules not containing cyclobutane rings give rise to absorptions in this region 
as well. 

3. Bing uibrations. One of the characteristic vibrations of various rings 
is the so-called ring-breathing** vibration: the carbon atoms first shift apart 
and then come closer together in a motion etpially involving the whole ring. 
In cyclobutane compounds this vibration mode gives rise to frequencies in 
the range 950—1000 cm~^. The hand is strong in Raman spectra (970 cmT^); 
in the infrared it is active only in molecules without a symmetry center. 

In conclusion, it can be stated (as in the case of three-, five-, and six- 
membered rings) that no frequency arising from the four-membered ring can 
hr used as the only criLerioii for the identification of this ring. A band pre- 
sent in the range 90n-!l50 cm“’ can confirm a cyclobutanr structure only 
if i1 is implemrntcil bj data arising from other regions of the spectrum and/or 
liy other methods of investigation [65]. 

r, Bridged bicyilh and polycyclic compounds 

In strain-Jree systems frequencies of C— 11 and C - C stretching and defor- 
mation modes arise within normal ranges for the corresponding cycloalkane. 

In strained systems some particular aspects are observed. As in the 
ease of small rings, relief of strain imposed by the geometry of the mole- 
cule results in rehvbridization of larhon atoms. Consequently, vibrations of 
bands enriched in .s'-component will arise at higher frequencies, while vibra- 
liuiis of bauds enriched in p-eomponenl will arise at lower frequenries than 
normal. The change in hybndizatioii is not the same for all atoms of a 
strained system. It could be shown that it is loralized on the atoms most 
involved the strain. 

In the inlrared the most important vilirations ran he observed in stret- 
ching ami deformation modes of CIlj ami tertiary CH groups. 

a. Stretching modes of the GH^ group. The frequency of vCIl^ vibra- 
tions increases as the ring size decreases; tor example, iii (ivc-membered rings, 
the frequeiicY is 1U— 40 cm~’ higticr than in six-membered rings. In strained 
compounds the hands corresponding to the Oil, group arise at 2922 and 
2982 cur*, while in relatively nniistraiiied compounds thev arise at 2878 
and 29.50 cm'* 1 107) . Tlie diilerence (Av, in cm“*) between the symmetrical 
and asymmetrical CHg stretching modes is. as in the case of n-alkanes, rela- 
tively cnnslanL (60-90 cm"*). This is of value for the assignment of vCII* 
hands m the 2800—3000 cm'* legiou. Futliermorc, it .shows that methyl 
groups can be chararterized by the mean value (vCH^m) of symmetriral and 
assymetrical vibration frequencies: 

vCH,m=(vCHaasym-vCH, sym)/2. 
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Taking for reference the vCH.ir frequency 3036 enr^ in halo-(Cli Br)- 

cyclopropane (in which the G— C>-C angle is coneidered to be 60^ [108] 

and the vCHtm frequency 2890 cm'^ in a chain of a normal alkane (C— G— €■■ 
a=109"), a linear relationship between tlie mean value of the methylene group 
frequency and the valence angle could be established. This relationship was used 

to determine C— C— C angles iu a number of mono-and polycyclic systems [109]. 

A number of analyzed systems are shown below. The corresponding obser- 
ved frequencies are shown in Table 11-16. 
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It has been shown that the angle between carbon atoms forming the meth- 
ylene bridges can vary within large limits as a function of the structure of 
the molecule. In compounds {K-~J4) this angle has approximately the same va- 
lue (100”). An increase in the bridge CHg group bond angle is observed ingoing 
from bicyclo [2.2.1] heptane (101”) to bicyclo [2.2.1] hcpUuliene-2,5 (104”). 
The different character of positions 1 and i can be observed in Fig. 11-30 
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since angles a of the double bond<i are more rigid and their deviation from 
120* is more difficult to achieve, the strain arising in the system is ronh< 
pcnsated by the decrease of angle § at positions I and 

4 and the increase of angle C— C- C at ponlion 7. This 
phenomenon results in an almost normal frequency ol 
the bridge Cll| group in (15) and a much higher frequency 
ol the bridgehead T H bond (positions i and 4), ns (om> 
pared to (8, 12, .uid 16) (sec vibiatiou of terliaiy C- 11. 
this Chapter, Section 3,c,6). 

In stereoisomcric syn- and Mn/i-lrityclo |4.2.0.fF'’l 
octanes the CH| groups of the outside cyilulnitaiie 
rings giM* rise to frequciK ies al 2852 and 2'i52 ini“' 
and 2852 and 2<138 cm~^ in the anii {11) and syn (IS) confignralioiis, rev 
peciively. The spedr.i ol Ihese compmuids aie stnmn in Fig 11-31 |I10J 



Fig. 11-30 Bicycio 
[!1 2.1J hept.nlirnc 
2 '. 



1 1 ({ II II Itili.iiiil '>|)i(tiuiii of Incyilo (I 200 (Htiim 
(n) niili-Tniin; (S) ivn-foiiii 


The slicctriim of bicydo [2.2 0] hexane (79) shoiss I wo strong bands at 
2890 and 2835 cm"^ 1111). Hicyclo [2.1.0] pentane (20) gives rise to nhsorii- 
tions at 2871 and 29,55 cm-* |112J. 

Nortricyclene (21) absorbs a I 3070 cra"^ [113] and ailamantaiie (22) at 
2857 and 29.3.3 cm-i [114]. 
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in a number of bridged tmlycyelic compounds (M— j0) containing sie^ 
irttlly opposite and sufficiently close CH| ^ups, an inrrease in frequency 
(li the C-H bands was observed [115— ll/]. 
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Tlio (lisiaiicc between 
boring hydrogen atoms are 0.2A 
in (23), 0.9A in (24), 1.1 A in (2S), 
and l.SA in (21). Thestcric ron- 
figuration is rndo-endo in com- 
pound (23), rzo-rxo in (2S), and 
endo-exo in (27). Compound (24) 
has a half-cage structure and (25) 
forms a cage. 

The corresponding frequencies 
aie shown in Table 11-17. 
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tkb frs^uencies of cyolodecanol (steriesilly eompKwed) a&d of cyclo* 
dodecanol (CH bonds sterically free) svere introduced in this table for refer- 
ence. The asym vibrations (Column 2) and vCH, sym vibrations (Col- 
umn 4) give rise to frequencies about 30 cm**^ higher than normal. Values 

in Column 3 correspond to stretching vibrations of tertiary groups. In 

compounds {24) and (25) the band at 2960 cm~^ is particularly strong which 
eads to the assumption that the tertiary ClI band overlaps with the CH, 
band. Frequencies in Column 1 correspond to weak hands assigned to 
asymmetrical stretching vibrations of the sterically opposite CH, groups. 
The frequencies of the symmetrical vibrations of these groups are probably 
shifted by 30- -100 em~^ with respect to values in Column 1. The frequency 
difference in Columns 1 and 2 measures the extent of reciprocal pertur- 
bation of vibrations arising from the two sterically close CH, groups. The 


Tabh Il-JS FlMgMinr and InteuitlM •! itarleallr «PPM>d vGH, 
bute [117] 
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variation of the integrated intensity A of bands arising from sterically oppo- 
site CH, gioups in compounds (2S—30) and (24) is shown in Table 11-18. 
in this table the intensities arc referred both to the whole moleeule and to 
iiirlividual sterically opposed CII, units. 

b. Stretching mode of the terliary GH bond (/erf vC— 11). In alkanes 
Ihi lert vC— II vibration gives rise to a weak absorption at about 2890 cm~^ 
In bridged polycyclic systems the frequency corresponding to this vibration 
increases by 20—100 cm“* as compared to n-alkanes or triphcnylmcthane 
1 118]. The phenomenon was explained by the increase in s-character of the 

^C— 11 bond as n result of changes in the sp* hybridization of the bridge- 
head carbon; Ihis change relieves to some extent the strum introduced b> 
liridging. Investigation of the region eorresponding to C— If vibrations in 
a number of bridged bi- and polycyclic systems (Tables 11-16 and 11-19) has 

Table Il-lt GH neinanetca anU lone eoutanU of Mint polyryolle eomfonnds [111] 
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shown that in bridged saturated bicyclic systems the shift is approximately 
30 cm'*^ (compounds 8, 9, and li) (Table 11-16); this shows that tiie dis- 
tortion of valente angles of the bridgehead carbon atoms is negligible. In 
bicycln [2.2.1] heptadiene 2,5 (IS) the double bonds require that the angle 
between atoms 2,3 and S,6 be maintained at ca 120* (Fig. 11-30) «hich leads 
to the decrease of the angles at atoms 1 and 4; the tert vC-H frequeney 
rises to 2987 cm**'. 

The very small shifts in frequency in the bicyclo |2.2.2j -octane system 
indicate an almost complete absence of strain; this can be seen in the model 
shown in Fig. 11-32 [118]. 

The iinsaturation in tlu< liridge results in n change of the sterie ronfi- 
gurntion of the molecule; the strain is concentrated mainly at the level of 
the bridgehead carbons. In O.lO-dihydro-O.lO-ethano.'inihrareue (34) the vCH 
frequency is 2979 enr^ Vniues of the same order of magnitude are also 
found in triptyrene compounds (38—38). 
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In triene (42) with a tricyclo [1.2.2.0‘'^J deraiie skeleton, absorptions 
arising from the two types of teri CH bonds could be assigned on the basis 
of the geometrical model of the molecule. In this model the orientation of 
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valencies'el the uneaturated (ap* hybridised) carbons was assumed to be rigid, 
while that of saturated carbon atoms was assumed to be nonrigid. As can 
be seen in Fig. 11-33, in compound (tfg) maximum strain arises at carbon 
atoms g and 5. Consequently, the 2062 cm~^ band was assigned to the CH 



l'i|i 11-32 nicycio [2.2.2] octaiir 
skeleton 



Fig. I1-.33 iricyclo [4 2.2.0* *] decatrune 
skeleton. 


I)unds 2 and 5, and the 2U2() (‘in~* band was assigned lo the less strained 
bridgehead lionds Tlie infrared spectrum of compound (42) is shown in 
Pig. 11-30. 

Ill molerules having the tnryclu |t.2.l).U*'‘| octane skeleton the lert CH 
fiequeiiry in foui-raeinbered nags is shitted by ca. 77cra"*, Although larger 
strain (ami shifts) arc to be expected lor these systems, the smaller experi- 
mental values are probably due to the abnormal eharacter of bonds in the 
eyclohulane i ing (see Table 11-19, compounds 31, 32 and 42 and Fig. 11-34). 

In the symmetrical strain free adamantanc molecule (22). the tert v CH fre- 
quency arises at 2907 tin"' 

The force eonslants of bridgehead iert C— PI bonds (alculated from the 
observed frequencies show that these bonds are intermediate between simple 
(.—11 bonds ot saturated carbon atoms with sp’ hybridization (x% 1.5* 10* dyn. 
cm~*) and H bonds of unsaturated rarlion .itorns with sp^ hybridization 
(x».5.0.10» dyn ern’i) (Table 11-19). 

The strained symmetrical molecule of cubane (42a) has a spectrum with 
few bands. The stretching modes of the four ttrt C— H bonds give rise to 
a strong absorption at 3(M0 rm~^ The spectrum shows two mure bands at 
1231 and 851 cm"' [115]. 


c. Deformation modes. Deformation modes of strained bonds 
have frequenries lower than normal. In bieyclo [2.2.0] hexane (IS) 
the band arising from the deformation mode appears at 1433 cm"^ 
[11 Ij and in triryclo [4.2.0.0**] ortadiene-.3,7 it appears at 1298 
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P 
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cm*^ [110, 110]. In cubane the frequency of the deformation mode falla to 
1231 cm~^ [115]. anfi-Tricyclo [ 4 . 2 . 0 . 0 *''] octane absorbs at 1438 and 1480 
cm"* with a shoulder at 1470 cm*^; syn-trlcyclo [4.2.0.0^^| octane absorbs at 
1^8 and 1460 rm"^ with a shoulder at 1462 cm"* (see Fiq. II'<31A). 



( 0 ) 


(b) 


(c) 


Fig. 11-34 Region of the GH stretching mode in Infrared spectra of some trirycllc 

compounds: 

(a) tricyoio [4.2.0.0**Hoctadli»ie-3, 7 J119]: (n3.4«7t8-dll)eii»>trieyDlD [4,2.0.0>**1 ocia 
diene-a, 7[11B1; (e) tricyclo [4,2.2.0''*] decatrieno^S J,9 [1181. 


B. UNSATURATED HYDROCARBONS 


1 . Aeyelic alkeues 

The Intel {iretatiun of infrared spectra of alkeues is based on the com- 
plete vibrational analysis of ethylene and deuterated ethylene, as well as on 
empirical studies ot spectra of a great many compounds with one or several 
C— C double bonds. 


H. Ethyluu 

Vibrational spcelia of elhyleiic and deuleiodhylenc have been exten- 
sively studied [ 120 , 121 J and assignments ol fundamental vibration modes 
of this molecule have been made. For theoretical reasons the ethylene mole- 
cule is consibered to be planar and belongs to the symmetry class Va (Fig. 
11-35) [120] . The validity of the mutual exclusion rule (see page 97) in Raman 
and infrared spectra supports the centrosymmetric structure of ethylene in 
the gaseous state. The twelve normal vibration modes of ethylene C 1 H 4 and 
deuteroethylene C 1 D 4 are 

3.4,(R), .t„(lR), 2/l44(l<), Ri„(lH), if„(R), 2Zf„(lH), 2 R,b(1H). 
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The BBiignmenti of fondamental frequencieB fl20, 1211 are shown in 

l^ble n-20. 



Fig. ll-Jfi Norma] vlbralion modes of rthylenc (point group Vg). 


Table ll^ZO Fundamental Ireqnenelei In ipeetra of and CgDit emr^ [IM] 


Assign- 

ment 

Spcries 

C.I1 

IR 

(aas) 

1 

Hainan 

(ga.) 

C,D, 

IR 

(0a») 

1 

Hainan 

liquid 

Type of vlbrallon 

^4 

Afi 

(825) 

(580) 

8CH,( 



— 

04d 

- 


8GH| out-ol-plane 


A,. 

942.2 

— 


— 

SGH| out-of-plane 

^IQ 


995 

— 

(712) 

- 

yGIV 

Vi 

Big 



— 

(883) 

yciv 

Vs 

Ag 

— 

1343.4 

— 

981 

8GH| In-planr 

Vll 

Bgg 

1443.5 

— 


— 

8GH, in-plane 

Vi 

Ag 

- 

1623.3 

— 

1515 

vG«G 

Vjl 

B^ 

29S0.5 

- 


- 

vGH sym 

Vl 

Ag 

- 


- 

2251 

vGH asyni 

Vb 


3105.6 

— 

2345 

- 

vGH aiym 

Vk 

B,g 

- 

3272.3 

— 


vGH asym 


Nofr, In other Inteipretatlonf [121] to the vibrations yg, Vi^, and ^ have been assigned 
Ibe frequencies of 1027, 610, 1280, and 3075 rm K 
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b, SubsiituM tihyltnes 

The main types of vibrations giving rise to characteristic bands in infra* 
red Spectra of alkenes are stretching vibrations vC=C (generally speaking, 
one band for each double bond) and stretching and deformation vibrations 
of hydrogen atoms directly linked to the carbon atom of the double bond. 
These vibrations take place in plane and out of plane of (he molecule (one 
each for every hydrogen atom present [120]. 

The following spectral regions are important fur diagnostic purposes; 


1, blrctching vibration (1580 -*1080 rm-i): 

:i. » ('-H strotching vibration (3000*^3100 cnr-i); 

3. out-ot-planu C * H duforimitjuii vibration (680—1000 ciiW); 

1. deformation vibration of llic CHt group adjacent to llu* double bond (obouL ii3«) nn-l). 


a. €=€ sirelehing vibrations. In theory, the vibrutioii of an isolated 
CnC double bond should be active only in Hamau spectra. The band is 
very strong because of the high polarizability of the double bond. The inac- 
tivity of this band in the infrared is due to molecular symmetry. 

However, because of the perturbation ol the electronic sy.steiu of the 
double bond produced by substituents, tlie C=3C stretching \ibration can give 
rise to weak absorptions in the III. If the substituents at the double bond 
are identical or dLstributed in such a way that the molecule maintains its 
center of symmetry, the band beenmes too weak to l)e identilied. 

(ieuerally speaking, in simple alkenes the vC^cC fiequency oeeurs within 
the range 1640— 1680 cm~’ [122, 123] . The position and intensity of the absorp- 
tion band depend on the nature, mode, and extent of substitution of the 
r.=r. double linnd. Mean values for different types ol alkenes are sho'SMi 
in Table 11-21. 

The vC=C frequency in alkenes monosubstiiuted with alkyl groups aris- 
es at the lower limit of the range. The corresponding bands occur at 1643 
cm~^ and are of medium intensity (see Table 11-22). An increasing number 
of alkyl groups shifts the absorption baiiiKs towards higher frequencies. Asym- 
metrically disubslituted eihylencs absorb in the range 1640- 1660 cm~^ 
(see Table 11-23). e/s-Lsomers of symmelrieally disubslituted ethylcnes show 
a vC--C absorplioii baud at 1657 ein~^ In the more syiiunetrieal trans 
isomers the frequency is higher, liut the decrease iu lutcnsily (see above) 
makes its detection difficult in most cases. 

In ethylcnes substituted with higher alkjls, U^CII- CHII 2 the frequency 
is only slighdy lover (~5 em“^) (see Tabic 11-24). However, a leil butyl 
group decreases the vC— C frequency substantially. In sym di-ferf butylclhy- 
lene (CII,),CH- C=C-CII(CHg)j,, the band occurs at 1631 cnr^. The effect of 
the f-butyl group can be seen in 2,3,3-trimethylbuteiu'-l , (CH 3 ),C— G(CH,)=:CH 2 
which absorbs at 1639 eiir^ (see Table 11-23). It is thought that this shift 
is due to some extent to sterie factors {121]. vd? (', frequencies of some di-, 
tri‘, and teirnsubstiluted alkenes are shown in Tables 11-21 and 11-25. 
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Tabu Mma tre^nendei Lmi Iq mimii %ffm aH Rllnnte 

Alkm PommU* oki^' 


Miniosiibstituleil 


Qfcyni iljsulfsliliiU d 


syai cli ulisliluUd (fran^) 


syni disiilislituiul (cis) 


Ijisubslitiitid 


li li isiibsLilulul 





c 

/ 


H 


Uli 



is 


J1 


H 

\ 



( 


/ 

11 



1^1 

\ 


i 


H 

/ 

( 

\ 






16 -JJ 

10 '>d 

1( 7J 

lO'i? 

1674 


♦ H - alkyl 


labl( II 21 v( al firqueiKy iii iiiono^ 
subfifitoled ethyleups [Ifil] 


Slkcnp 

R 

I requency, 
cm * 

1*1 uptne 

(H, 

1b47 

Butt lu-l 


lb4S 

Pciiluip J 

1 H*CII,CII 

1647 

Hexene- 1 

CH,(cn,), 

1642 

t 11m 

lem-l 


1044 

S Dimethyl 
butene 1 

(LH,),C 

164S 


JabU II M v( aC lrei|ueuvy Ina^yiniuplriially 
fllsiiltotituled plhylfiDM [131] 


Mkt ni 

Ui 

H, 

I n. queue ) 

till * 

I obuUm 

CHj 

CHL 

1661 

2-M(thylbutiiR 1 

(s\L 

C^li 

1652 

2 Mtthylpcnleiu 1 

(H, 


1653 

2-MeUiyllLcptim 1 

cn, 

nC,H„ 

1656 

2 r Ihylbiitene 1 
2,1,4 rnnulhyl 

C,H, 

c,ii. 

1647 

butene 1 

CH, 


16)4 


As shown, the intensity of the band is generally weak and decreases 
as the symmetry of the molecule mci eases The highest intensity is observed 
in alkuus SMth a Lerniinal, Miiyl double bond llu niuu Ihi double bond 



170 


INTPRARED SPECTRA OF ORQANIC COMPQCNDS 


Tattr lJ->4 vr.aC trsfiMMy In njriniMlrlfilly dImkalilvM n^kyhaM RiCHmCHRi [121] 


Alkenc 

R, 

K. 

FreqiMDoyi car'^ 

eii Iram 

nutcn«-2 

CH. 

CH, 

3661 


PeQtcac-2 

Cll, 


1658 

- 

Hexeitr-2 

nri. 

n-CjH7 

J6S7 

(167(1) 

Hexenp'.') 

c,i4 


t6$6 


ilepiene-;{ 


n-C*U7 

1656 

- 

Oci6no-4 

n-C,H, 

II G,llf 

mu 

(1670) 

2 , 2, 1), 5 Tetraim lliylhoxnir 3 

(tJIW 

(CH,)»C 

1631 



7’iffr/r II vt,«r. frpqupiify in Irl- 

anil tptrHMibhliliilrd 

[121] 

Alkciie 

T'oi miiKi 

lYrqu- 

nie>, 

2>MplhylbtiLeuc-2 

Cll. 

^c.c- CUj 

CH, 

1681 


CH, 


2’Mc'ihyJ[n'utpnp-2 

'C CT1C11,-C11, 

CIV 

Ul. ,CH, 

167.'i 

i iVJ-MelhyJpvnU n(v2 

C-(/ 

/ s. 

iT XHj CH, 

(.11, CU, CH, 

\ <■.' 

Jl' XII, 

1675 

irans-^ Mc'lliyIppnli'ur-2 


2, 2, 4 lYinicthylpcnteiio A 

ICI1,),C C11-C(CH,), 

1064 


IS sliiltcd Inwards tho crnlei nl the rhain, the lower the intensity ol the 
band. Ill syninietnrully disubslitulerl nlkeiies, the extinrtion coefficient nf 
the (IS isomers is ea. live times highei than that ol tlie Irans isomer. 

I). — G— H stroUibing vibrations. Stretching vibrations nf hydrogen 
atoms direeth atlnehed to the double bund gi\e rise to the must charne* 
teristie absorptions in infrared spectra ol nikenes. The bands lie in the 
range 3000—3100 cm~^ The increase ol the C -H vibration frequency in 
alkenes, cf. saturated hydrocarbons, is due to the sp^ hybridization of the 
carbon atom which increases the amniiul ol s component in the C- IT bond. 
The force constant of these bonds is larger than that nl C- II bonds in al- 
kcncs (where carbon atoms have sp* hybridization). 

Ethylene has four stretching vibrations in the range 2990—3166 enr^ 
(see Table 11-20). 

On substitution of hydrogen atoms in ethylene with alkyl groups, the 
low frequenc} vibration is oflen shielded by the vibraiums of C - H bonds 
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arising from th« aaturated portion of the molecule. For this reason alkenes 
are generally rharacterized by absorptions above 3000 cmf^. 

The position of the absorption bapd arising from this vibration depends 
on the mode of substitution of the C=C double bond. 

The position and number of bands in this region enables the differen- 
tiation between various types of alkenes (see Table 11-26). Alkenes sdth 
terminal double bonds (vinyl compounds) have the highest frequencies. 
Assymmctricolly mono- and disubstitiited ethylencs show a band in the 
range .1075- 3090 cm”* with an uxtincliou eoeffirienl of 25 —35. Compar- 
ed with asymmetrically disnbstitutcd etiiylenes, mouosubstituted ethylenes 
have an tidditionnl band in this region at .1012 - 3025 cm”*. This band 

2 1 

W.SS assigned to the s ibralion of the hydrogen atom in Z-position (-CIl — Cllg), 
Tabu ll-t 6 vCH fre^enelas In alkrnw 


Alkenp 

1 onnijlit 

1 reqiwncy, 
cni ^ 

Prq)pno 


““808173012 

Dateiu 1 


3080 

Penlpiu i 

-(Ji^ 

;107.^ 

Isobutene 

(CH,),C- LII, 

3080 

3|3-DlmethYlbutiiip 1 

(GH,),C CH (Jl, 

3005 

cb-Butrno 2 

CHjClUUICll, 

3o;io 

/ra/if-Biiteiir* 2 


3021 

ch-PenlPne*2 


.1018 

/ram- Pent pne 2 


3027 


while the higher frequency band is assigned to vibrations of the two 
lermiiml hydrogens of the — CH* group. Symmetrically disubstituted 
ethylenes, with an internal double bond, RCH=CHK, ha\e a single low 
frequency band at 3012 —3025 rm~* with an extinction coefficient e'-^30— 40. 
In some high molecular weight hydrocarbons the low frequency band ran 
be shielded by othei absorptions. Of the two possible isomers the ttans one 
has a slightly higher frequency than the ri.s isomer, 

In trisuhstituted Pilivlenes, the vC — H band is very weak and difficult 
to identity. Tetrasubstitutcd ethylenes without hydrogen atoms at the double 
bond do not absorb in this region. 

The position ot the v( -CTi) band in infrared sperlra of alkenes 
depends on the indurtise and conjugativc eflects of adjacent substituents 
fsec dienes, a, ^-unsatuiated compounds, carbonvl compounds, ^nrbo^ylic 
acids, halogen compounds, etc.). 

Ill interpreting infrared spectra of rilkenes, it has to he kepi iii mind 
that the 3000—3100 cm”* region mas contain Iiands arising from CH stre^ 
clung vibrations of aromatic compounds, ryclopropanes, oi pnly-halogenoted 
compounds with several halogen atoms attached to the same carbon- As in 
other cases, the assignment of a band in the region of stretching vibrations 
must be confirmed by the presence of ehararteristir bands in other spectral 
regions (in-pinne or nut-of-plane deformations, etc.). 
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c. H dMormatioii Tibratioui. Deformation vibrations of tiie 
nnsaturatcd C— H bond have been extensively studied [124—127]. In ethy* 
lene, seven mil nf the twelve normal vibration modes arc due to the defer* 
mation of bonds. In higher members of the series, the number and 

position of bunds depend on the mode and extent of substitution at the 
doable bond. 

Each C— il bond of a double bond carbon atom can give rise to a defor- 
nial ion in Ihf plane nf Ihe double band (iu>plane rocking) (4S) and an ont-of-plane 
deformation (perpendicular to the plane of the double bond) (4#) 

.Hl+) 

CH<^ 

11 

1. In-plane defonnalion modes. These modes have been less extensively 
studied. They are assigned the large speclral region between 800—1450 ein~^ 
1124—127]. On symmetry grounds the eurresponding band is very weak or 
in certain cu.se.s, absent. Identification is difficult because the band occurs 
in the region associated with C— C stretching modes and with saturated 
C— H deformations. The assignment has to be enforced Iiy bands in the 
region of --C— II and C-- C stretching vibrations (3000-3101) cm“^ and 
1600 cm“i. respectively) and by the much more characteristic — C-II out- 
of-plane deformation mode (000—1000 cm"*). 

Mono\ubsti1uled ethylvnes HCII— Cfl^. The two types of C— H bonds 
nf the vinyl group give rise to two lu-plnue deformation frequencies 
active both in the infrared and in Raman in the ranges 1410—1420 cm"* 
and 1290 - 1.300 cm"* (see Table 11-27). The higher frequency band is assigned 

to the vibration of the -CH, 
group because it arises in asymme- 
trically disubstituted cthylencs as 
well. The lower frequency band 
is assigned to the vibration of the 
other GH bond of the vinyl group; it 
arises at about the same frequency on 
symmetrically disubstituted cit ethy- 
lenes. inpropene, CH|CH=CH„ the 
frequencies of the two bands aTel416 
andl302 cm"*. In spectra of com- 
pounds belonging to this series, the 
1410— 1420 cm"* band is stronger and has a relatively constant position. It 
is of value for analytical purposes. The weaker band at ca. 1300 cm"* is vari- 
able in position [127]. 

Asymmetrically disubstituted ethylenes HjR,C=CH|. These compounds 
have a single in-plane deformation band in the range 1410—1420 cm"* (in 
isobutene, at 1420 cm"*). 


Table IhB7 Fre^uenvy of In^ploDO deformalion 
modes of CH Imnds In ]«alkenes |187] 


Alkrne 

"-ClT|(loIuini.ilion 
i*ni ^ 

-CIT- ilefoniia- 
liun rni"* 

I'rojw'ne 

liJO 

(1302) 

Hulene-1 

1420 

1297 

PentcnC"! 

1420 

(1300) 

Hexene-J 

1116 

1297 


Note: Values in parentlieBib are uncci Uin. 


■"a 

It 

( 43 ) 



hvbi«H'And(wfi 


l^mftrietdlg dUubsiitaM Ohglenfs R.CH»CHB,. For theoretical reaBoos 
the in-plane deformation vibration of the CIl bond in symmetrically di> 
aabstituted trans ethylenes is forbidden in the infrared. Sometimes a weak 
band arises at 1290—1.300 cm~i. In cts isomers, a medium intensity band 
at ca. 1 105 cm"’ is assigned to this vibration (in 2-butene and 2-pentene, 
at 1406 cm"’; iu 2-hexene at 1408 cm"’). In llamau the band arises at 
1255-1260 cm"’. 

TrisubMuted ethyhnes. These compounds have a single hydrogen atom 
at the C=C double bond. The =CH in-pinne deformation band is very 
weak in the infrared, and iu most cases it cannot be deteeled. 

2. CH ont-of- plane deformnlion pibrahoni,. These vibrations give rise to 
the most charaeterislie absurplimis iu infrared spectra of alkenes 1121 — 127]. 
The bands are of value lor the deleimination of the number niid position 
of hydrogen atoms at the C=C double bond and enable the identification 
of the mode and degree of substitution of this bond. 

In ethylene the absorption occurs at 949 cm"’ and in substi- 
tuted elhylenes v^ithiii the range 600—1100 cm"’. The extinction 
rocfficiuiit of llm band (50—150 uuils) can be twiie or three times as large 
as that corresponding to similar deiurination modes of CIl bonds in alkanes 
(about 50 unilb). The band posilinu varies widely with the structure in 
the vicinity of the bond. It is also dependent on the nature and number 
of substituents. 

In uusnturated hydrocarbons vsherc the substiliieul at the double bond 
IS a unuplanar carbon aloro of an ulkYl group, CII out-of-plnue deformations 
occur iu the following regions [125, 126) : 

”\ 

!)J0- 0D(l nil ' 

n' 



va 810 pm-’ 


ca sau inr' 


G7ri 730 cm"’ 



II 


ca. OfiS cm-i 
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MonosubstHuted dhylents KCHaiCHi. The vinyl group has two abwrpiiofl 
bands arising from ont-of-plunc deformation modes of CH bonds: one at ca. 
990 cm*^ (Band I> Table 11-28) and another at •%< 910 (Band It). 
Assignments of these band raised many (liscuBSions [125—127]. The high 


Table 1I-S8 OUt-til-pbnm lirfornmllttn vlbrNiloiw In iiionmlMtltulee etliylenM n.CaiGII— II 

1126] 


SubitlturbL 

n 

Buud 1 
1)00 cm ■ 

Danil 11 
UlO rni > 

Ovei tone 

Subftltuent 

R 

Band 1 
990 

Hand tl 
010 cm' ' 

Overtone 

Alkyl 

OHj 

005 

1820- 

OCll, 

960 

813 



toon 

912 

1830 

CII, -Cl 

983 

929 

1861 


989- 

0J2- 

1640 

CH,-Hr 

981 

924 

1850 


995 

915 

— 

CHCl, 

975 

937 

1883 

Aryl 

m 

900 

1815 

CF, 

979 

965 

1927 

CH-Cgll, 

toil 

907 

1819 

CHLOIl 

087 

915 

1645 

c^cn 

972 

925 

1850 

CHO 

981 

063 

1041 

I 

043 

905 

— 

COOR 

982 

961 

1928 

Hr 

936 

898 

1803 

COOH 

982 

970 

1952 

Cl 

938 

894 

1790 

C=N 

960 

060 

1920 

F 

925 

863 

— 






frequency bund at 990 cm"^ is assigned to the — CII— delormalion mode of 
eurbon 2, while the 910 cm"^ band is assigned to the defurinnlioii mode of 
the asCH, group. In a different interpretation fI26] based on analogy with 
vibrations of vinyl bromide, the 990 and 910 rm“’ bands jire ronsidcred to 
be more romidex vibration modes. 




^ \i( -) 

/ \ 

i/2( -y Mi( 1 ) 

990 i nr ^ 

01 U rm-1 

(ji) 

(40) 


Thu 990 unr^ Irequency is assigned to a vibration similar to the defor- 
mation in disubslituted tran\ ethylenes, where a twisting of the (]--= C bund 
takes place as well (dS). The lower frequency (910 cm**^) is assigned to the 
out-of-plane wagging of the — CH, group (4S). A similar band oreurs in spertra 
of compounds with a vinylideiie group. 

The band position nt ca. 990 cin~^ varies with the nature of the substi- 
tuent R (see Table 11-28). In hydrocarbons (R=alkyl) the frequency falls 
within the range 985—1000 rm"^. It reaches the upper limit in compounds 
with branched alkyl radicals in the a-position. For example, /erf-butylethylene 
(3,3Hlimethylbutene-l) absorbs at 1000 cm"^. In the homologous series of 
straight chain alkenes with a terminal double bond, the frequency variation 
does not exceed ± 3 cm~^ 
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The frei([ileiic]r deofeasee in compounds with vinyl groups directly linked 
to an electronegative atom or group. The largest effect is observed in vinyl 
halides, where the frequency decreases by 50-60 cm-* cf , hydrocarbons. Vinyl 
bromide absorbs at 936 cm"* whereas vinyl fluoride, with the lowest frequency 
absorbs at 925 cm"* (in tiie vapor phase) [126]. In vinyl compounds with 
the vinyl group directly linked to an oxygen atom or to a polar group con- 
taining oxygen, the frequency decreases by 30-50 cm"'. Functional groups 
containing nitrogen, lower the frequency by only 10—20 cm"*. When flie 
vinyl group is linked to an element with lower Pauling electronegativity 
than that of the alkyl group (e.g. Si), the frequency increases by ca. 20 cm"*. 

In alkylvinyl ethers, a doubling of this band is observed, dependent on 
the nature of the alkyl group. Alkylvinyl ethers willi a primary ulkyl group give 
rise to a band at 960 cm"* with a shoulder at 913 cm"* (methyl vinyl ether 
at 960 cm"*). Alkyl vinyl ethers 

with secondary alkyls have two Tabu u-u OeUof-piuw CH Mmuatiou 
bands of equal intensity at 961 and ireaiunelM in nlkyl vinyl tUun [IM] 

944 cm"* and those with tertiary — 

alkyls have a single band at 945 Alkyl v i nyl rtlwr Band l, cni~*Bmdll.ein"* 

(■m"*(Table 11-29). The .splittings cii,-o-CH-cn, 9S0 sis 

are thought to be due to coiiformn- rch,- O-CIU CH, 060 813,036 

lional isomerism (see Band II). K,CII o-Cii-CH, 961,044 810,823 

The 910 cm"* baud (Band II, H,C-o-CH-=CH, 945 825 

Table 11-28) assigned to a wag- 

ging vibration of the CH, group (8Cn,a>) corresponds to the in-phase wagging 
ol the two hydrogen atoms {4^, perpendicular to the plane of the C=CH( 
bond [120]. The vibration is considered identical to that of asymmetrically disub- 
stilutedcthylcnes. A different vibration mode, out-of-phase (48), does notehange 
tlic dipole moment and consequently is inactive in the infrared: 



./ N.(-) 

(«) 


The behavior ol the in-phase defonualioii mode of the -^CTIj bond ns a 
Itini lion 1)1 the nature ol siihstiliieiits is more complex. 

In hvdrocarlums with the vinyl group linked lo a nniipolur carbon atom, 
Lliu bund occurs at 905—912 cm"* [126| both in the case of saturated auU 
uusaturated carbon atoms. Shifts are observed in some derivatives of styrene 
with bulky substituents in the ortho-position, for example, 2- or 2,6-dichloro- 
sLyrene absorbs at 930 cm"*. This shift has been attributed to steric effects 
[126], .since the conjugative effect in p-chlorostyrene acta in the opposite 
direction, resulting in a small .shift towards lower frcqueiiries. A small decrease 
in frequency is obsers^ed when the vinyl group is conjugated with €=€ 
or C:=:C bunds. 

Comparative studies of a large number of vinyl compounds have shown 
that, except for hydrocarbons where the frequency is relatively constant, vinyl 
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compounds substituted with different polar functional groups show large fre* , 
quency variations in this region. 

In compounds substituted in the allylic position with electronegative 
atoms or polar groups, R— CHX— ClI— CH,, the frequency varies within 
large limits with the nature of the subsliliieiit X. When X— halogen, the fre- 
quency increases by 15—20 cm'^ |I21)J. The effect seems to he additive. 
Ally] chloride absorbs at 929 cm"*, while ClgCll- ClI- Cllg absorbs at 9.17 
cm"^. The trifluororacthyl group in FgC- Cll— Cllg has the most powerful 
effect, increasing the frequency by ca. 50 cm~^ In compounds substituted 
in the allylic position with an oxygenated fuiicLional group, the frequency 
increases by 5 -25 cm~^, depending on the nature of the functional group. 

In compounds with the vinyl group directly attached to au eleelronegativc 
atom or group, the frequency decreases by 10— 1.5 cm~^. An cleciropositivc 
gi'oup increases the fn’((ueiiey by 50— (50 tin"'. The grr)ups 0-0. C“N, 
SOj, and NHj increase the frequency by 15 (50 em“* |12(i, 12K]. 

Vinyl others (Table 11-29), R— 0-CH— Cllg, have the lowest frequency 
(813 -825 cnr'). Methylvinyl ether has a single baud at 813 cm'^. ferl-Alkjd- 
viiiyl elhers have band.s at 825 ciu~*. In vinyl elhers in which R is the pn- 
mnr>' alkyl two banrls are assigned to this vibration: a strong one at m. 81, '5 
and a weak one at 825 cm”^. Vinyl ethers in which It is the sccoudaiy iilkyl 
also have two bands in tlie same positions, but ol equal intensities. The pics- 
enee of two bands is duo to coiiformatinii.'il isomers (12(5, 128]. 

The fir.st overtone of the out-of-plaiie, in-phase -=01 Ig rocking vibration 
gives rise to strong absorptions at 1800 and 1910 em~^ In (uses where il 
does not coincide with other sti'ong fundamentals or overtones, it is a relia- 
ble diagnostic for this kind ot vibration. The absence of tins osertonc .shows 
be}'ond doubt that no vinyl gioup is present in the molecule. 

Asymmetiicallg disubsiiluled ethglenvs H^HgC— Cllg. Thtse alkenes Iium- 
an out-or-plane ClI deforni.ation band at ea. 890 cm~^. The absorption is 
due to the out-of-pIane, in-phase rocking vibration ol the - C.llg group 



11 ( 1 ) 

H(l) 


(/S) 




11 ( 1 ) 
H( ) 




The out-of-jihnse sibratioii (JO) is innetive in the infrared. The electronie 
effects ol sulislilueuls on this vibration mode are simikar to lbu.se on tin* 
vinyl group. In this case also, the characteristic band of the overtone is 
observed in the 1785—1790 cra“^ reg'on. 

Table 11-30 shows the characteristic frequenries of the out-of-plane — CHg 
deformation vibration of a series of compounds theoretically possible on asym- 
metrical dJsubstitution of ethylene. 

In compounds with two nonpolar sub.stiLuents, i.e., hydrocarbon groups, 
the frequency lies in the range 885 — 890 cm~^. Halogen atoms or electronega- 
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T«bk Jt-iO OiHiNfhiM MwnuUtii vibnllaa •! Uu^iGlI, imp ia aUnaM llM] 


Compound 

Fundunenlali 

cm*' 

Oveitone, 

our* 

Compound 

Fundameniali 

cm"' 

Ovcrtfliac 

cm"' 

“\ 

)c-CII, 

K 

885-890 

1783-1795 

N 

\j CH, 

020 

- 

CH, 

T,-cn* 

885 -895 

178:»- 1807 

C--GIi, 

CIljCOO''^ 

609 


CglJ„ 





cii, 

cicn. 

U02 

1820 

CII^ 

>-cu, 

Cll,(/ 

705 

1600 

f.ii, 



C,H,0, 



^C-Cll, 

(.1 

s?") 

1705 

'^C -GIl, 

CjlUO' 

711 


Cl I, 

877 

1788 

Cllj 

V<-Cllj 

0)0 

K82 



uooc' 



Cl 

Cl 

887 

1744 

cai, 

/C-CIl, 

llOOG''^ 

!)I7 

l')07 

Br 

Ul, 

b/ 

R77 

17G7 

V = CH, 

UGIV 

91U 

1863 

\ 

811 1 

1613 vapor 

Gil, 

V‘-cir. 

93(1 

1878 

V 



Nr/ 



Bi 

s 

J^C - Gill 

BrClI, 

808 

1802 

VC 

\ = U1, 
NC^ 

085 

J070 

B - alkyl 
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tive groups in the allylic position (a to the vinyl group) increase the frequency • 
by 5-25 cm'^ el. the corresponding hydrocarbons. However, when the halogen 
atom is directly attached to the vinylideiie group, the a:CII, deformation 
frequency decreases by ea. 10 cm~^. Two chlorine atoms decrease the frequency 
by ca. 20 cm'^, two bromine atoms by 10 cm~^, and two fluorine atoms by 
as much as 80 cm”^. The effect of the allylic halogen and the vinylic halogen 
directly attached to the carbon atom of the double bond seem to compensate 
each other in FjC— CBr=CH,. whore the increase in frequency is only cn. 
40 cm"^. 

The C=0 group lias the same effect as the vinyl group and increases 
the frequency by cn. 40 cm~^ cf. hydrorarlions. lu esters the increase in 
frequency is ca. 50 cm~^, and in acids, cu. cm~‘ [126]. 

Symmeliically disubsiilulid vihylenes. The ubsorplion band corresponding 
to tlie out-of-plane deformation vibration of the two hydrogen atoms of 
symmetrically disubstituted elhyleues is ciirreiiLly used to distinguish bet- 
ween cis and trans isomers. In the Irons forms {51) of hydrocarbons (R=a1kyl), 
the absorption is strong and occurs at ca. 970cm~‘. In ris forms {52), the 
band is very weak or absent [125, 126, 129—131]: 


/I 

X- c 

/ \ 


ir 


R. 


(51) 
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R. 


Vc/' 

( 5 .') 


/ \ 
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Irons Isomers. Of the two possible vibration iuodc.s for the Inins roiifigura' 
tion only the first one is active in the infrared. 


HI 




C-C 
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,n(f) 


(SJ) 


c=c 


,/ 


llf I ) 


(-)ll 


/ 


(, 7 <) 


This vibration mode implies a corresponding twisting of tlie C=C bond 
and gives rise to a strong absorption in the range U65— 990 cin~^ [126]. The 
frequency of this vibration varies very little with the lengtli of the hydrocar- 
bon group R attached to the double bund. However, the intensity of the 
hand varies inversely with the molecular weight of R. Since it is not influen- 
ced by the nature of substituents, this baud is of value to confirm the irons 
structure of the alkene. Its absence shows beyond doubt the absence of a lions 
configuration. Since this bund occurs in a crowded region, its assignment 
has to be confirmed by other cliaracLeristic regions (:=rCIl and C=C). The 
band is of value in quantitative determinations as well. Its intensity in frans 
alkenes is ca. 145 units. It should be pointed out that additive Intensity meas- 



hydrocarbons 


m 


.urementA may be of use in r<etenniniug the ratio of double bonds in chains 
end thus the degree of unsaturation in acids, terpenoids, carotenoides, etc., 
as urell as in monitoring polymerization reactions of styrene, butadiene, etc. 
s=CH out-of*plane deforma- 


tion frequeiicies for several eis and 
Irons alkenes andfor /ransdisubsti- 
Luted ethylehes are shown in Ta- 
ttles 11-31 and 11-32, respectively. 

CIS Isomers have the out-of- 
planc deformation band at 675— 
-725cra“i[125,127].This band is 
variable in position and its assign- 
ment is unreliable since it can 
eosilybe mistaken for other hands 
in this region. 


Table II-SI bGH nlHiNalaM SefumialluB 
fre^ntnrlM in els ana Irons alinnei [1861 


Alkene 

efi homer 
cm"* 

Inmf 

libmer 

om"^ 

BiitcTie-2 

675 

964 

Pentene-2 

m 

9i6« 

Hexene'2 

694 

906 

Hcxenc‘3 

714 

905 

2,2,5,5-Tclraii)ct)iyl- 

hc(xene-3 


978 


Trisubstituttd eihylenes HjR,C=CHA 3 . The out-of-plane deformation 
vibration of the single hydrogen at the double bond in trisubstituted 


Table 11-31 Out-ol-plana detormallon tnaueaelM in dliubstituted etli]rieiwi [ISB] 

I'omuta ^ 

cm cm * 


\ 


962-966 


=c: 

896 

./ 

\i 



Ni 



,cn. 


n 

coon 


\ 


959 


966 

C,h/ 





\ 

/•"s 

93 B 

H COOR 

968 


\ 





NO. 



COOR 


\ 

/ 

vu 

■< 

964-967 

\-c'^ 

C,I1, 

972 (shoul- 
der at 983) 

11 

CILCl 


H 

CHO 




931 


972 

C./ 

\h 

c,iv 



\ 

/' 

-c 

892 

H ,COOH 

976 

a'' 


ROOC 
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ethylcnes is a Forking above and below the piano of the bond (JJ); 


/' \ 


,11(4) 


(«) 

In hydrocarbons the Iroqurncy of this vibration liob within the range 
800 — 840cm~^ (121 ]. The specificity of this vibration IS less than m previous 
cases. The band may be used to distinguish between trisubstituted alkenes, 
RiRjr,=-CHRj, and letiasiibstituled ones, RjR^C-TRjRj [132, 1331. 

The overtone ol this liand (800 810 iiir>) ouiirs at 1000- 1080 enr^ 
[126. 127]. 

The band is vaiuhle in iiosition, depending to a gieat extent on the 
nature ol substilueiits when R is not a hydrorarboii group, Polar substituents 
give use to larger shilts than in mono- and disubslituted ethylenes. 

3. Other vibralioiis in alhenei. Tetrasnbstiluted (th\leiies, RiRjC,= CRjn,. 
where one of the substiUients is a Cll^gionp, give rise to n baud at 115.1 

I 

tin"*, assigned to the CII, (, - unit [133] 

The vibraliiiii ol CIIj and Cllj gioups from the sutuiated pari ol the niole- 
(ule IS affected unlv if they aie adjaienlto the double bond. The effect results 
in a decrease in deloimation Irequencies aiising from these groups hi the 
case ol 8Clli and 8011,, bands at 1150 117'> ciir^ inihitioiis, oiiui .it 
11.10- 11.50 cni-i. 

The band arising liom the S3minetii(al slielihiiig mode ol the LH, group 
IS a doublet due to a lesoiianee effect, hut the me.in value remains 2872 tni"' 
1134], 


2. Cyeloulkoiies 
a. \fonn(ijifi( n/Aenev 


The double bond in cydutilkeiiis loiiespoiids to the us sjmmeliienlly 
disubsliluU'd ethylene type (see Table 11-21). C— C and C— II bonds give 


H 


H 


V-c" 
( ) 
(CHjIn 


b-12 3 

Wn 


rise to noriiiiil vilnalion modes, llowevei, the firquenev and intensity of 
absorption bands varies with ring size. 



UVDJtOCARBON$ 


181 


B. C >*C stretching vibration. The normal froquency of Ihe C Birr Idling 
vibration in rw-alkenes is 1650 cm"». In six-, seven-, and eigUt-membered 
ring alkcnes, the frequencies arc very dose to this value (see Table 11-33). 


Table 11-33 vCmG and v^Gll fraqueorlch in f^yifloalkpueiii ciir^ 1^35] 


Cycloaikmo 


vC C 


V cj r 
syin ahjni 


vCss-ClJ, 

(oxocstUc) 


Cyriopropifno 

1641 

3070 - 

1730 

(iyrlolJUteiic 

J366 

3048 3120 

1078 

Cyclupenteiie 

1611 

3061 

1657 (H) 

CycloliBXenp 

1640 

3021 3007 

16:)1 (R) 

Cycloheplcne 

1650 

3020 3059 

- 

r(s-Cyclooctciie 

1648 

3010 3053 

- 

cis-nutciu*-2 

1658 

3023 > 

1654 


* R — active In Raman. 


C.ycJolU'MMiP alKsorbs al KiHJ rm"^ and tis (’yclnoi’lciie at 1618 m"* |1.35]. 
In cyrlopciifenp the fiTijuvHrj falls to Kill rm“‘. The behavior of three- and 
loui’-meiubered rings is interesting. The Irequency in ej^clopropene is close 
to normal, 1011 cm“’; however, in cjTlobulcne it falls to 1566 cm”^ [136J. 
Recording to the cKissiral strain theory’, one would expect the lowest fre- 
quciiry to ocriir in the Ihrce-iuembered ring; hence an ‘'ahnonnar’ value occurs 
ill cyrlobutene. The derrease in frequency is due to a decrease in force con- 
stanl, and as n result the ('. -C distance becomes longer than 1.33 A in 
the molecule of cyclobulcne [13G]. The phenomenon ean be rationalized on the 
basis of the special character of C - C bonds and of possible trnnsannular inter- 
ad inns, In the cyclnnlkanc scries ryrlobntnnc also shows special behavior 
(see page 15.5). 

Vannlinn of vC — ('. blind iiitensiLies with iiiig size is also interesting. 
Tlie intensity inereuses in going from cjclooclenc lo cxclohcxciie. It is the 
same in eyclohexcne as in cyclopcntciic but decrease.s in cyclobulene; in 
pyclopropcne it has the same value as in ryclopenlene. 'lliesc obsers'ations 
again point out the different bchasior of bonds in the fuiii membered ring 
as well as Ihe influence due to changes in liond angles. 

In compounds with lyelopiopciir rings, weak bands at higher Irequencies 
are observed; for example, stcrcuJic acid gives rise to a band at 1865 cm"^ 
[137] assigned to the vC=C vibration while 1 ,2-dimcthylc) clopropeiie absorbs 
al 1898 cm”i |138]. It is apparent lhat alkyl groups strongly affect the Vibra- 
tion of this bond, 

.\n aiialogou.selfeul is uhsersed in melhylcyciobuteiies. In U'traincthyl-3,4- 
‘dichloiocyclobutene (56), the vC— C frequency occurs al 1684 em"^. 'fhe 
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»a 


snme frequency is observed in xyn and anti dimers of tctremethylcyclobuta* 
diene (sec page 185). 




/ 

on, Clla 
(««) 

An appreciable increase in vC— C frequency is observed in strain-free 
methylcycloaikenes [140]. In l-mcthylcyclopentene the double bond frequency 
occurs at 1G58 cm“S rf. 1611 cm“^ in cyclnpentene; in metbylcyclohexene 
it occurs at 1674 rm~^ cf. 1649 cm"^ in cyclohexeiie. 1-Butylcycloheptene 
absorbs*at 1673’cin“i jl'iOJi nnd a'series of alkylcyclohcplones with Ji=CIl 3 , 
CJIjg, CgH„. CioIIji absorb at 1670 cnT^ [Ml, 142]. 

jThe influence of other substiLuciits will be discussed in siibsequepl chap- 
ters (Halogen Compounds, Ciscboxylic Acids etc.). 

b. sC—H Btretdiing vibrations. The frequency of the - C llslrelchiug 
vibration increases with decrea.sing ring size. In the series cyclohexeiie, cyclo- 
pentene. cyclobutenc, the frequency increases from 3017 rin"i in eyeluhexene 
to 3045 cm“^ in cyclopentenc and .3060 cm“* in cyclobutcne [liO, 14.3]. 
The change in frequency of the C— C and — C- 11 stretching sibrations 
with the number of ring carbon atoms has been used extensivelv to detci- 
mine the size of the ring (see an example on page 184). 

High resolution equipment enables the identification of the two --C— II 
stretehing modes: the symmetric inode arising at bwer frequency and the 
asymmetric mode at higher frequency. In Table 11-33 arc shown the fre- 
quencies of v(=iCII) sjin and v(=-CH) asyni modes for the homolugou.s senes 
of cycloalkenes from cyclopropene to cyclooctene. The frequencies of ns bu- 
tene-2 [135] are given for coinpari.snn. The low frequenej, generally stronger 
bands are a.sslgiied to the synimelrir.il vibration. The bauds arising from 
asymmetrical vibrations have highei frequencies and are \pry weak. They 
are hardly noticeable in cyclopentenc and cM'lopropeiie [135]. The symme- 
trical vibration is less sen.siti\c to ring size vibration; the asymmclrical vibra- 
tion seems to vary in a more characteristic way although in some rases the 
positions arc not certain. 

c. CH] stretehing vibrations. The fiequmcics of CHg stretching vibra- 
tions in cycloalkenes are comparable to those in aliphatic compounds [114]. 
Cyclohexcne absorbs at 2851 and 2927 cm~‘ and cyclopentene at 2853 and 
2959 rm“i. 

d. CH| deformation vibrations. In cycloalkenes the SCH, vibration 
modes arise at lower frequencies than in straight chain alkanes [145, 146]. 
Cyclohexeue has a single bund at 1450 cm~*. ris-Cyclooctenc and cis-cyclode- 
cene have two bands, 1465 and 1450 ciir^ fians-Cyclooctene and frans-cyclu- 
deccne have only the M50 cm*** band [145]. 
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b. Bif and polycffcUr alkenes 

Generally, the sLreLching vibrationei of C=C and — C~H bonds in bi- 
and polycyclic alkeues are 10—10 cm~^ lower than in monocyclic alkenes 
[135]. The strained bridgehead C— II bonds show different behavior (see 
page 163). 

Some bi- and polycyclic syslems are described below. 
liicyrlo |3. 2. 0] Aeplene~2 (S7) has the double bond frequency at 1605 cm"*, 
rlose to that of cyclopentcne (1611 rm~^) [147], 

Bicycio [3, 2, 0] hepiadienr 2,6 (58) has two absorptions in theCasG 
stretching mode region: 1557 and 1605 rm~’. It should be pointed out 
that these bands have frequencies corresponding to those of condensed 
five- and four-membered rings, respectively. The separate occurrence of these 
absorptions shows that the mechanical interaction between the two vibration 
modes is very weak [117]. 



fJiryclo [2. 2. 1] hcp/rnc-2 (Sff) and bicycio [2.2.1] heptadiene 2,5 (dtf) 
show some characteristic features. In the former, the vC»G frequency falls 
to 1568 rm~^ cf. 1611 enr^ in cyclopentcne [148, 140]. 

The more strained bicycio [2.2.1 ] heptadiene -2,5 (60) absorbs at 1550 cm~^. 
The frequencies in these systems are close to those in cyclobutene or in con- 
densed systems with cyclobuLeiie rings. 

Biryclo [4. 2. 0] oclme-7 (Gt) has the vC — C frequency of the four-niembered 
ring at 1560 crn-i [117]. 

liicyrh [3. 3. 0] orfrrir-2 (ff:J) gives rise to a band at 1617 cm"S corres- 
poiidiiig to the C'=(^ slretching vibration in the strain-free, five-mcm- 
iiered ring. 

Trirydi) [.5. 2. 1. ()*-*| i/cradff/ic-J.S (diryrlopenfndime) (6S) has two vCs^C 
vibrations: 1560 and 1610 The frequency at 1560 cm”^ corresponds to 
the 8,tl-bond of the bicyeloheptene ring and that at 1640 cm~^, to the 3,4- bond 
of the cyclopeiilene ring [1.50]. 
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Tricych [4. 2. 2. 0* *] decairient- 3, 7, 9 (64) has two double bonds 
in the bicyclooctadiene ring and one double bond in the fourmembered 
ring. The spectrum shows two bands ^ig. 11*36) of medium intensity, one 
at 1560 cm~^ (probably arising from the cyclobutcne ring) and the other 
at 1590 cm*^ [151]- Tlie bands disappear on complexing with Pd Cl,, 



being replaced by Iwn bands at 1 112 and 1 1KO rin~‘ (this region is rharacter- 
istir for doulde bonds coinplexed with TM [t 19, 152]. 

— C -11 bonds absorb at 3055 aud 3105 cm~^, and saturated Cli bunds 
absorb at 2920 and 2962 rm~^. 

Biqirh [2. 2. 2] oclittritnf-2, .5, 7 (Jiurrelene) (65) has a strong band 
in the double bond region at 1577 rm”^ and a weaker one at IGlSrnr’, 
ITieC-ll fretjueneies arise at 3010 rm"’ror — C- II bonds and at 2950 rnr* 

for bridgehead yC— H bonds |153j. 



(UJ 

Triciirlo [t. 2. 0. 0®'®| ocladiene-^, 7 is the dimer of ryelnbutadiene, 
consisting of three condensed four-membered rings which can have a syn 
(66) or anil (67) configuration. The double bond frequency of the cyclobutenc 
rings is close to that of cyclnbiitene: 1515 cm~^ in the syn stereoisomer and 
1555 cm""^ in the onii isomer [154, 155] (Fig. 11-37). 
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Fig. 11-37 Infrared spectrum of trj'cytlo [4.2.0.0*'‘l Dcladirnr-2, 7: 

(a) lyn form (y«); (1^) anfi form (67). 

rieqiicnries al 1C84 im”’ in llu' iijn i.>>om<.'r (6’A) and lOSl enr^ in the unit 
isomci (63). 
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3. Unsaturated hydrorurbojis with multiple double bonds 

Double bonds in dienes can be isolated (70), conjuualed (71), or (iiniula- 
ted (72): 

C’-C -(C)«-c^c L--(:-L t: r c- c 
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The mutual influence of the double bonds is stronger the closer they are 
to each other. In compounds with isolated double bonds, this influence is 
practically negligible. 

Ftom the vibrational point of view, alkenes with isolated double bonds 
have the same behavior as those with a single double bond. Because of addi- 
tivity, band intensity increases with the number of double bonds in the mole- 
cule. 


a. Alkrnes wilh conjugated double bonds 


Uieiies and polyenes with conjugated double bonds show characteristic 
frequency shifts when compared to alkenes with a single doable bond. 

Quantum-mechanical interactions between Tt-electrous of the conjugateo 
system decrease the C=C double bond order and increase the simple C— C 
bond order [157]. 

Absorption bands of individual double bonds cannot be identified sejia- 
rately, and the C-=C— C- C system behaves like a vilirntional entity. Conse- 
quently, a butadiene-type conjugated system has the following characteristic 
vibrational modes [158—10)1]: C^C stretching vibrations in the 1600 cm~* 
region, =C— H stretching vibrations in the 3000 region, and unsaturnted 
and saturated CII deformation vibrations in the 1000 ciir^ region. 

a, G>sG strotohing vibralions. In dienes and polyenes vibrations of 
conjugated double bonds are strongly coupled to each other. In lrans‘2, 3- 
dimethylbutadicne, the carbon atoms of the two double bonds vibrate in- 
phase (symmetrically) (73) or in opposite-phase (asymmetrically) (7d) [159, 
160]. The frequency of these coupled vibrations is lower than those of isolated 
double bonds. In molecules with n center of symmetry. 


-fc 4- 

C-. C 
/ 

C.-(. 



(?-’) 




only the asymmetrical vibration is aclive in the infrared. In 2, 3-dimethyI- 
butadiene, the absorption occurs at 1601) eiir*. The symmetrical vibration 
is active in Hamm (161.1 cm~^). In butadiene the vibration is forbidden in 
the infrared. The infnred and Hsimn sportra of butadieii’' support the s-trans 
configuration of the milecule [162). This structure is supported by the elec- 
tron diffraction method as well [157, 163). The two coupled vC— C vibration 
modes active in Raman give tise lo frequencies at 1613 and 1390 cm**^. 

Hy reducing the symmetry (e.g.. in 2-alkylbutadienp-1 , 3) the vibrations 
become active both in the infrared and Raman. In the infrared spectrum two 
bands occur in the double bond region, 1600 and 1635 enr^ The asymmetrical 
vibration band Ls much stronger and i.s shifted by ca. 30—40 cm~'' towards 
lower frequency cf, the corresponding monoalkenc [158]. The second band is 
weaker. 
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Far a serlea of 3^BlkylbutBdieiicH>l, 3 frequenriu of aByibmetri* 

cal vibratinna are shown in Table 11-34. 

The intensity of the band corresponding to the vC-- C symmelricul vibra- 
tion increases with the size of the alkyl group in the 2-position. 


In polyenes the number of bands in 
the 1600—1650 cm"* region increases 
with the number of double bonds. In 
the CHj(Cn*=CII)»CH, scries with n=2, 
3, i, the strongest band has a frequency 
of ca. 1650 cm"*. 

Although no eoiTelation could be 
established between the number ol 
bands, their frequency, and the num- 
ber of conjugated double bonds, it was 
shown empiru’ally that dienes, Irienes, 
and li'lraenes have two, three, and four 
b.uids, lospertively in this region [105]. 

The number of vC- C bands active 
in the infrared depends on Ihe gcoinet- 
ijcal ronfigiiration ol tlie molerule. 
Tile double bonds can adopt a //nns 
ris(7'7) contiguralinn. 


Table tl-U vG^C IrsBurnelM ta 
S.«lkylbiitaai«it»>1,3 (104] 
Gni-i;»(:ii-rni 

n 


u 

vC-aCKymi 

vC«-G aiyin» 
cm"^ 

Cllj 

1642 w 

1505 0 


ISS.! IP 

1500 jv 

lCU,),f.ll 

1632 

1500 

(rn) 

Ibll w 

1645 

(r.ii,),r.-(f/iuu) 

IVM 

1595 9 


164*2 W 

1606 0 

Sole, w - 

muk; 5 ^ btroiig. 

Irani (7J), a l is-cis (7fi), or a Irons- 





/ 

V 


(? 5 ) 



The Mbrational analysis of some in- .and tctraencs was used in nssigning 
the iieoinetricHl coiifiguraliniis of those molecules. Of the sK possible yeometri- 
(iil isomers in 1, 3, S-hexatriene [106], the li(ins~lrnn'i foim can ha\c a single 
v(,- (' Mbiulion active m Ihe infrared. It was assigned the strong doublet at 
1623 -1632 rm"^ Two weak bands arising at 1562 and 1675 em"* are due to 
combinatioiis of low frequenev vibrations. The rii isomers have three vC^C 
bands. 2, t, 6-Ortatriene (166) absorbs at 1601, 1644, and 1685 cm”*. The 
spectrum of I, 3, 5. T-octatetmene [161] corresponds to the tians-trans config- 
uration (75) (Cjfc). The strong band at 1631 cm"* was assigned to vC=tl vibra- 
tions (see Table 11-35). 

line-yne conjugation decreases the frequency by 30- 35 cm"’. Vinylace- 
tylene absorbs at 1600 cm"* |160|. 

b. sQ— II Stretching vibration. In 1 , 3-butadiem‘ (166, 167], the C— H 
asymmetrical vibration of the — Cllj group occurs at 310(1 cm"* (in muno- 
alkenes it falls in the range 3075-3095 cm"*). In 1, 3, 5-hexatriene, it 
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Table JI-U CbtnelerMle fr«^a•llFl<■ ol ini yolrcMi [161] 


I'ype of 
vmnittou 


Gnnp 

^ lltupMBejr la 

mooMunnei 


StrcLcliinfiS 

Cil, ahyin 


3U90 

:iioi) 

3001 

3070 

3075-3095 

CFI, syni 

2989 
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m) 
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orcurs at 30U2— 3102 cm“i (doubJcl) ami in 1, 3, 5, 7-oi liilt'liai'iu’ at 3070 cm"* 
[166]. 

The symmetric vC— 11 strutrhin^ vibration ot the Cll^ group in 1, S-buta- 
diene ha.s a frcqueiiry of 3000 rm~*. In 1, 3, ^-hrxulricMic it is iissigiicd the 
2955 cm"* band [IBO. 167]. 

In the Irans-trunx .strurlure (75), the \ ibrution of the s injlic CH bond has 
a higher frequency than that of internal iruns bunds in alkcncs. In butadiene 
the hand ari.sing from the siiiNlir CH bond occurs at 3000 cm"*. Iii 1, 3, 5- 
hexatrieno and 1, .3. 5. 7-oelate1raene, it occurs at .3010 and .3009 cnr*. re- 
spectively [100, 107 [. The 3012 cm"* baud in the spectrum of 1, 3, 5-lie\a- 
trieiic and the 2988 nn"* baud in the s])pclrum of 1, 3. 5, 7-ortaletracne 
were assigned to the slrelchiiig vibrations of the trri/i.s-alkenic Cl I bonds. 

c. ^G— 11 deformation vibrations. The in-phase, out-of-plane deforma- 
tion vibration of terminal - CII, groups gives rise lo a hand at 911 cm"* in 
butadiene, at 899 cur* in 1, 3, 5-hexatriene, and at 897 enr* in 1, 3, 5, 7- 
octatetraene. 

The oul-oi-plane deformation vilirutiun of =(1— 11 bonds (960—970 cm"* 
in alkenes) varies with the geometrical configuration of the di- or polyenic 
.system -CIlsCll— CII~ Cll - [101, 160, 107], In Iranii-iians isomers both 
the frequency and the intensity of the band decrease [160, 168]. The Irons 
isomer of 1, 3-pentudieiie [169] and of 1, l-diacetyl-l, .3-hiitadiene [170] 
give rise to bauds at 919 and 915 cm"*, respectively which arc of Ie.ss than 
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medium iutcttsity. Tlie ct^cis isomen show uo absorption in this region; 
however, they have strong bands in the range 960—070 cm"^ [170]. cis^irans 
Isomers have a band between 930—950 cm'^ |101]. 1> 3, 5«Hcxatriene and 
], 3, 5, 7-octalelraone absorb at 941 and 951 enr^ respectively, corresimading 
to the trans’trans configuration [161, 166]. The Mnylie bC— 11 out-of-plane 
^ ibratinn has a frequency of 1010±2 enr^ 

In Table 11-35, charaeteiistie frequencies of u uumbei of di- and puly- 
alkenes are compared to the corresponding fiequencies in ethyhiic and pro- 
pene (last eolumn), 

1). Cyclic dienes and polgrnes 

Ciirlopentaiuiif [171, 172] in the liquid stale oi m solution (Fig. 11-38) 
gisLs rise lo tour bands in the CH stretching Mbralions region ut 3010, 
.1071, 3100, and 3150 tm~^ The liands at 1600 and 1638 enr^ vere assigned 
to the vC-C vibration. 



VCtjdohetadienr |17,)] lias t«n medium inlensity bands in the (.=(. 
sliflrhing sibration legion 1580 and 1610 cm~^ and four strong bands in 
tiu (.11 Mbrations reginir 2830, 2880, 2910, and 3040 cm~^ (Fig. 11-39). 



Fig 11-39 Infrared spectrum of cyclohexadlene (liquid film). 




IM INFRARED SPECTRA OF ORGANIC COMPOUNDS 

1,3,5* and 1,3,(M:ynlooctatrwnes arc obtained by rednetion of oyclo^ 
octatetraenc [174]. 



(W) (W 


1, 3, &~Ci/clooctariene (78) has two conjugated double bonds and an iso- 
lated double bond. The frequency of the latter is 1652 cm"^. The conjugated 
double bonds have a strong absorption in llaman at 1620 cm"^. 

1, 3, 5-Cycloocialriene (7S) is in dynamic equilibrium with biryclo [4.2.0] 
octadienc-2, 4 (50) [175]. The double bond region [176] has two medium 
intensity bands, ICIO and 1638 cm”*, and a weak band at 1680 rm"*. Tin* 
stretching vibration of the alkenic CII bond occurs at 3010 rm~*. 

Bicyclo] 1.2.0] octadipne-2, I (50) ah.sorbs at 1579, 1645 and 1710 cm”*. 



7. 8-lrans~Dichlorobiqjrlo [4.2.0] orladiene-2, 4 (57) has a strong ab.snr[)lion 
at 1586 rm"*. Two more bands occur in the spectrum at 1683 and 1737 cm”*. 
The strong baud at 3035 cm”* is assigned to the stretching vibrations ul 
the alkenic C— H bonds [170,177]. In the cu i.somer (5<J)i the vC--C and 
vC— 11 regions of the spectrum remain unchanged. 

I, a -DiMorocyclooclalriene- 3, 5 (83) with three conjugated double 
bonds has the vC=C frequency at 1610 and 1637 cm”*, the same as 1, .3, 
5-cyclooctatriene [176, 177j. 

The 8CH, band arises at 1435 cm”* (vC-Cl=B59 cm”*). 

The infrared spectra of cyclooctatetraene and deuterocyclooctatetraene 
(C,D,) support both the crown conformation with 1)4 symmetry (54) and the 
boat conformation (85) with Dn symmetry [178]. 

The simplicity of the spectrum of cyclooctatetraene shows that the mole- 
cule has a high degree of symmetry and rules out the possibility of an equili- 
brium between several conformations. II was .shown recently that in the 
liquid state the bicyclic isomer (86) is present in the ratio 0.01 %, in equili- 
brium with the monocyclic form. However, it cannot be detected in the infra- 

^ A Qp 

W) (nt 
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red |)^}rl^ the hicydic isoihd (80)^ ceeorded it 
has >G“€ ii^uene^ at 15S2 cm”' and the vCH frequency at 9112 
{179a], The boat conformatioa of cyclooctatetraeiie with O^i symmetry is 
supported by X-ray analysis, electron diffraction and n.m.r. [179 ft], 

The vC=eC bands (Fig. n>40) occur at 1655 cm”', the vCH bands at 
2950 and 3010 cm”', and the deformation mode bands at 805 cm”'. 




< 97 / 

cis, CM, ris-Cffclanonalrienc-l , 1, 7 (S7) with a Gw homoconjugated system 
[180] shows the frequencies of cu-alkenes, The vCH bands occur at 3018, 
2965, 2932, 2916, and 2864 cm”'. The vC=C vibration gives rise to very 
weak bands at 1676 and 1641 cm”'. The CH out-of-plane deformation vibra- 
tion has a frequency of 717 cm”'. 

c. Faloenes 

Fulvenes have characteristic absorptions in the 1600 cm”' region (vC=:G 
vibrations); in the 1360 cm”' region (vibrations arising from the fulvcnic 
ring); and in the 750 cm”' region (CH oiit-of-plane deformations) [181]. 

1. 1600 cm”' region. All fulvenes (88) give rise to a strong absorption band 
at ca. 1600 cm”' (Table 11-36). The high intensity of this band is due to the 
dipolar structure (89) of the exocyclic bond [182]. 
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Fulvcnr hits a medium intensity band at 1C61 cm~' |183]. On substilii- 
tiun of the hydrogen atoms with methyl or alkyl groups the band is slightly 
shifted towards lower frequencies, kicthyl- and dimcthylfulvenes have strong 
absorptions at 1645 ond 1642 rm~^ , respectively. Phenyl groups on the exo- 
cyclic carbon atom lower the frequency considerably, Methylphenylfulvene 
absorbs at 1626 cm"^, fnrylfulvene [184] at 1629 cm”^, and diphenylfulvene 
at 1597 cm“*. The decrease in frequency is followed by an appreciable decrease 
in intensity. 

Condensation with an aromatic ring (benzofulvenes) dues not affect the 
frequency very much. I)imclhylbenzufnlvene absorbs at 16.S7 cm”*; and 
methylphcnylhcnzofiilveno, at 1613 cm"’. The bands arc of medium intensity. 
Diphenylbenzofulvene and similar compounds liave weak absorption bunds 
at 1605 and 1501 cm~^ which may be as.signcd to the vibrations of the aromatic 
ring. Generally, when in fulvenes the characteristic band is absent or very 
weak, one ran assume that the molecule is nonplanar because of steric reasons 
[1S4], In condensed systems like diphenyldihydropentalene {90), tlie rharac- 
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teristlc absorption oocurs at 1615 becauso of the pnsenee of phenyl 
groups {1B5]> 

The characteristic band of the fulvenic system at 1600 cm** is better 
explained by a vibrationol coupling involving cross conjugated double bonds 
[formula (<9tV)] rather than by Ihe vibration of an aromatic type ring in fur< 
laulu (^). This interpret a Lion is in agreement with the physico'chemieal 
properties of fulvenes. The contribution of the exocyclic double bond can be 
seen from the fact that Ihe spectra of isopropylcyclopentadiene and isopropyl* 
inilciu* (obtained hy hydrogenation of dimelhylfulvene and dimethylbeneo* 
fulvene, respectively) do not show the strong absorption at 1640 rm*^, while 
the 1600 em** hand arising from the aromatic ring maintains its position and 
intensity. 

2. The 1300 cm"* region. Fulvenes have a strong hand at 1340—1370 cm"*, 
readily distinguishable from the symmetiical deformation mode of the Cllt 
gntup. The band occurs in ryclopentadiene and indene at the same frequency 
and seems to be characteristic for the unsaturated five-memhered ring. Ful- 
\eiie has a strong absorption at 1334 cm"* and diphenyldihydropentalem* 
(90), at 1355 cm~* [185]. In hciizofu]veiie.s Ihe band is of medium intensity. 



C,H, 

(»«) 


3. The oui-of-plane deformaiion vibralion. The four hydrogen atoms of 
Ihe fnlveuc ring give rise to a strong absorption at 762 cm"*, comparable to 
the out-of-plane deformation of the four hydrogen atoms in ortho-disubstiluted 
benzenes (.see page 207). In fnlvene the band arises at 765 cm"*. Tlcnzofulvenes 
.substituted at the exocyclic carbon atom have medium intensity bands at 
iM. 795 cm"*, benzofulvene at 792 cm"*, dimelhylbenzofnlvene at 790 cm"*, 
diphcnylbenzofulvene at 797 cm"*, and furylbeuzofulvcne at 799 cm"*. 


d. Hydrocarbons with cumtiluled double bond.s (allenes) 


The most characteristic ab.sorpUon in spectra of allenes is due to the sym- 
metrical and asymmetrical vibrations of the C=C=C group. 

AUene, the first member of the series has three carbon atoms in a linear 
arrangement with the Cllg groups iii two planes perpendicular to each other, 
'file symmetry of the molecule is V( [186, 187]. 


II 11 


\ 

/ 

II 


C-.C- c/ 
II 


The symmetrical vibration of the C-C=^C bond is inactive in the iiifra- 
U'd, The asymmetrical vibration gives rise to a .strong absorption at 1980 cm"*. 
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In asymmetrically substituted allenes, both modes are active in the 
infrared. The symmetrical stretching vibration occurs at 1070 cm"^, and the 
asymmetrical one, at 1950—1965 cm~^ [188, 189], In 1 ,2-'butadiene the two 
bands occur at 1970 and 1064 cm**^ [190]; 1 ,2*heptadiene absorbs at 1950 cm**^ 
[1911. 

In compounds where conjugation with a carboxyl grouji is possible, the 
frequency falls to 1940 cm"^. The band is generally split into two strong com- 
ponents with frequencies at 1930 and 1950 rm~^ [191] (Table 11-37). 


Table IJ-S7 OiarBDUrhtlr frequi^nelra In alleneiy cm" 

R.. -R. 




x/ 


=c=c: 


,/ 

\. 


n. 

X 

H. 

n. 

vC«G-nC 

C|H, 

11 

11 

H 

1940 

II 

coon 

H 

11 

1930 195U 

C.H, 

(NH,) 

11 

11 

1930 1950 


In conjugated straight chains, the frequency falls to 1930 rnr’ and in 
some ca.ses to 1900 rnr^ [188]. In the complex molecule of the aniihiolic 
micomycin (91), the nllenic bond was identified bv Ihe .slrnughand at 1930 cm'' 
[192, 193]; 

HC=G- C=C-CFI--C=Crr-CII-=ClI-Kll* Oil -CII, coon. 

(St) 

The presence of cumulated double bonds in cyclic nine- and ien-nicmbered 
ring compounds has been shown by the strong band at 1900 cnr‘ in the infra- 
red spectrum of cycloiionadiene-l , 2 (.9'i) and cycloderadiene-l, 2 {9S) [191]. 


(m) (93) 

Tetrophenyiallene and other symmetrical alleiics do nut absorb in this 
region [193, 195]. They are characterized by bauds arising from the aromatic 
rings. 





4. Unsaturaled hydrocarbons with triple bonds (uylknes or acelylenc.s) 

The sp hybridization of the triple, bonded carbon atoms inrreases the force 
constant of the CsC and C— H bonds in acetylenes. This results in a consi- 
derable increase in frequency of the vCsC and vC— H vibrations which can 
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be rcodily identified in the 2100-2300 cm'^ and 3300 -3400 cm*^ 
^ regions, 

As in the case of alkenes, the infrared spectra of hydrocarbons in the alkyne 
series are described on the basis of the vibrational analysis of the first member. 

a. Acflyleiie 


H 

-oPm 


The linear, rentrosymmetric acetylene molecule (D«k) symmetry; 
(Fig. IMl) has seven fundamental vibration modes; three correspond to the 
stretching vibrations of CsC and C— H bonds, and the remaining four (degen- 
erate) correspond to the deformation vibra- 
tions CsC-H(196, 197](Table 11-38). 

The existence of a center of symmetry in 
the acetylene molecule, supported by the validity 
ol the mutual exclusion rule of infrared and 
Raman spectra, predicts three possible strurtures 
(Fig. n-41.) 

The model with C'lt symmetry should have 
three vibrations of the Ag type, one vibration of 
the .lu type, and two vibrations of the B« type 
(see Table Ml). 

Tlip model •«ith Vi symmetry should have 
two vibrations, .1^, and one vibration each of the 
tvpcs Hig, ]ij„, Bfu, and U^. In both rases 
three out of six fundamental vibration modes 
should be active in Raman and three in the 

infrared. Indeed, expenmentully, three hands are seen in Raman and 
Ihiee ill the infrared. However, only two bands inthe infrared (729 and 



Fig. 11-41 Thr three possible 
strucluics of the acetylene 
molrcttli*. 


Tablf II-3S Frequeneles ol the tandamenUl vibrations In aeelylene (goi) 


Vibration 


Speoles 


Aettvity 


Fraqueoey, 

cm"* 


CH 5trct(*hing sym 

H 

ST 

R 

3373.7 

C = C sirctchlug 

R 

1973.8 

Cli stretching asym 

si' 

IR 

3287 

C = C-H deformation sym 

n* 

R 

612 

C = H deformation asym 

ITs 

in 

729 


3287 rin~^) correspond to fundamental vibrations. The third band (1328 cm~*) 
IS obviously n combination band V|-|-V(. Such a partition is possible only in 
Ihe ease of a linear molecule (Fig. 11-41). 

The analysis of rotational-vibrational bands in the spertrum of acetylene 
fully supports the linear centro-symmetric .structure. 
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Monodcutrroacctylene G-HD docs not have a center of symmetry 
All the bands present in the infrared alxo occur in the Knman spectrum 
(196] (Table 11-39). 


Tabit 11-39 pHnaaiiiHilal frasneiulM (riii~’) In asrljrlrae ind dralmarrlylene 


C.H, 

in n 


CiIID 

in R 


C.D. 

in n 




3335 

3335 

2700 

3287 


2584 


2427 


1D73 

1851 

1851 

1762 

729 


683 


530 


C12 

51B 


(505) • 


* Calculated value. 

b. SubsUMed aceUjlenes 

Degree of .substitution and molecular .syininclry play an imporlanl role 
in the identification of the triple bond. 

Monosubstituted acetylenes have a terminal sC— II bond and ran be 
easily identified by the strong ab.snrplinn bands of =C— II and ('»('. link- 
ages. 

In disttbstituted rompounds, the CsG slretching vibration has variable 
intensity, depending on the po-sition of the triple bond in the chain. The 
sC— H vibration is absent. In this case, the identification of the triple bond 
is difficult. However, the presence of a baud in the characteristic region 
strongly favors the acetylenic structure. Some combination bands are also 
significant. Deformation vibr.aLioiis are chararteiislic only in the cn.se of 
monosubstituted compounds. 

a. CsC slrolehing vibratioiu!. In acetylene the C = C stretching vibration 
gives rise to an absorption at 1974 cm~^ in the gas phase and at 196,’) cm~* 
in the liquid phase. In mono- and disubstituted acetylenes the frequenc\ 
increases, falling in the range 2100—2260 rm~^ [198], Within Uie.se limils, 
the two types of acetylenes have the following frequeiieies: 

1. monosubstituted acetylenes (RCSCH), 2100—2140 cm~'; 

2. disubslitulrd acetylenes (RC=CR), 2100—2260 cin~^. 

The nature of the substituent has a certain influence on the frequency. 

The characteristic frequencies in hydroearbons H— CsCH, where R-alkyl 
or aryl, are shown in Table 11-40. 

In aretyleiiic compounds IIC 2 ('CIT 2 X, where X is a polar group or an 
electronegalive atom, a number of saUdlite bands are pn‘sent [190, 20UJ which 
ace assigned to overtones or combinations. 

Ill propargyl halides (XClIjCsCII), the frequency is slightly higher than 
ill hydrocarbons (Table 11-41). 
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Tatli JM« Ghmettrlrti* frw|Mmlw («n-*) la eMipwnit nliA a tmmlaal aeatyluto 

Onma tWI 


Straloking Tfbnition Dtfonnatioa 

Hydrocarbon 



vClT 

vC'C 

mC-C- 



llGsCCH| 

3320 

3300* 

3320 

2130 

030 

030 

1240 

JIGsCCll^ 

2121 


628-633 

1242-1249 

3290* 

3340 

3320* 

3316 

2120 

- 

613-042 

1210 

1[C=CG,H, (vapoi) 

IIG=CG(H| (solution) 

2115 


611-048 

1219 

3305* 






* Shoulder 


lable ir-41 l.hnrnrlrrimic Irequriiries (riir^) In XCUaCElCU [109] 


vUI 


vL .C 



Alalii band 

SatellElu (bliouliicr) 

Main band 

Satellite (MliQulilrr) 

]i(4=iXll|I 

3dlJ 

.3298 
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2109g 214B 

IlCHCCHjUr 

.331 si 

3300 

212b 

2121 

H(:=CCHjCI 

,nr> 

.3200 

2131 

2126 

UCsCfiHjF 

3322 

3310 

2148 


]lC=GClIsOH 

33ib 

3290 

2121) 

— 

IlG=CGHgOCll| 

3317 

3206 

2110 

2101 

UGsCGIIaNH, 

3311-3310 

3295 -3303 

ca. 2110 

- 


ruble ll-i: vt=C frrqufui'y (em'’^) in dlKubHlllnlpd ucelylenu [19S] 


Conipounil 

X II 

X -i:i 

X-llr 

(.11, C=G-(C1I,),-X 

22III 


2200 

(.,11,. C=C-(CH,),--X 

2190 

2210 

— 

/i-l.,II,-C.=C-(Cll,), - X 

2191) 

— 

2220 

11 C,II,-C2C-CII,-X 

2210 

2240 



In synimotrical disubbtituled aci'lylciich, tho vC = C vibration is forbid- 
ilt!u 111 the jnfrart'd. It becomes active in asymmetiical molecules. The fte- 
qiieiiey of the vibration is higher than in monosubstituted compounds. In 
alkylacetvlencs it lies in Ihe range 2190—2210 cm"* (Tabic 1M2) [198 , 201, 
202 J. 

Several isolated triple bonds increase llie number of bands in the 2000 cm"* 
it gion [198. 203, 204]. Tridecatriyne-ri. 8 has three bands, 2262, 2227, and 
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2188 cm~^ [203}. In nonadiyne-1, 4 the absorption bands have the following 
frequencies: 2209, 2242, and 2132 cm'^ |204]. 

In cycloalk^'nes with 8—10 carbon atoms, CbC absorptions occur at 
2202-2207 cm‘^ 

Cyclooctyne absorbs at 2208 cur^ [205], cyclononync and cyrlodecyiic 
at 2203 rm"^ [200]. A decrease by 40-50 cm~> is observed cf. acyclic com- 
pounds (octyiic-5 and decyne-5 absorb at 2250 ciu*^) [202]. 

As mentioned above, band intensity varies with the position of the triple 
bond in the chain. Hie highest intensity is observed in the terminal triple bond 
and decreases progressively when the triple bond shifts towards the center 
of the chain. This is believed to be due to the increase in molecular pseudo- 
symmetry [197]. For this reason the ab.senrc of the vC=C band is not defini- 
tive proof for the absence of a triple bond. 

In compounds where the triple bond is ronjugated with a double bund 
or with a benzene ring, a small decrease in frequency is observed |1!)7, l!Ml, 
201]. However, the decrease in frequency is much smaller than in the ease of 
conjugated alkenes. In phenylaccMene the frequency falls to 211.'» rur^, 
(only by 0 cm"^), cf. 2121 cm“* in aikvlHcetylenes HCIl 2 C-:rCH. 

In conjugated polyynes with at least three CzzC groups, the increase in 
frequency is large enough to enable identification |207]. Clls (C^zzClsCIIa 
has a weak band at 2222 cm'^ In CIl,(Ci^('.) 4 CIT 3 a medium inlensily band 
occurs at 22.37 enr* |207]. 

In molecules with various types of triple bunds, the leriiiiiial one ran 
be differentiated from the others. A rlassiral example is the spectrum of the 
complex molecule, inycomycin (see page 191) (208), ^^hicll shows two bands 
in the region of vC~C vibrations. The band at 2040 cm“* was assigned to the 
terminal triple bond and that at 2200 enP' to the internal triple bond. 

Hexadecalctrayue-l, 7, 9, 15 (.95), the dimer of octadiyne-1, 7 {!ft) |209] 
has three bands in the vCr^t^ region; 22.35, 2135, and 2102 cm~^ The first two 
M'cre assigned to vibrations of llte disiibsliluted acetylene and the thiid one 
to tlie terminal -II group [209). 

iig=c(CII,)4C=cii -»> iic=r,((;i{,)|(-,r (:-c=(:(Cii,)(G=cii 

( 94 ) (»«) 

c=c-c=c-f;iig^ 

ij,i; Cl I, 

I I 

ll,C CH, 

\ / 

CH,-C=C -C=C-CH, 

m 

The cyclic dimer of ocladiyne-1, 7-cyclohexadecalelraync-l, 3, 9, 11 (.95), 
containing two linear parallel chains of diacelvlene absorbs at 2210 and 
2154 cm-’ [209, 210). 

Some macrocyelic polyynes with t;— C groups show a doublet at 

2247 and 2151 onr’ [210]. 
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A leritfs of macrocycUc polyyncs with the general formula {97) show the 
frequencies of the -CsC-teC- group at 2239 and 2133 cm”^ 1211]. 


I CsC-CsC- 

(CIIi)n (Ciyn 

' CSC-CSC 1 

( 97 ) 


b. £3C»11 Btretehing vibration. Siucc ocotylenc has a center of sym* 
me try, only the asymmetrical ~C-H vibration is active in the infrared. It 
occurs at 3287 cm~^. In acetylenic hydrocarbons in the vapor phase, the strong 
bond in the range 3300—3380 cm"* was assigned to this vibration [197]. 

The position and high intensity of this baud enables the identification 
of this linkage. It can be distinguished from the ClI linkage in alkencs, aro* 
niatic compounds, or from OH and NH groups. 

The frequency of tliis vibration is constant in position and not affected 
by structural change.s in the rest of the molecule. Tables 11-40 and 11-41 show 
that almost all monosubstituted acetylenes have about the same frequencies 
under identical experimental conditions. 

In carbon tetrachloride solution, the frequrncie.s lie in the range 3310— 
3320 enr^ [199]. The constant position of the vibration frequency is 
explained by the tact that the C— H bond is isolated from the rest of the 
molecule by CrnC groups and is not affected by the R group in RC^CH. 
However, the frequency is very sensitive to variations in physical state [197, 
199]. Methyl acetylene in (he gaseous state absorbs at 3380 cm~^ and in the 
liquid state, at .3305 cm~’ [197]. 

The highest absorption in phenylacetylene occurs at 3340 cm“^ in the 
vapor phsise. at .3310 in r.nrbon tetrachloride solution, and at 3329 em”^ in 
ryelohexane solution |109]. p-Nilroplienylpropargyl ether (OjN— CjHjO— 
CII,C^CII) absorbs at 3313 em~' in carbon tetrachloride solution and at 
3207 cm~* in the solid state. This behavior was explained by the participation 
of the Cll linkage in hydrogen bonding wdiich was observed in several other 
iiistanres as well [212]. On hydrogen lionding with donor molecules (ethers, 
ainine.^), the vClI hand .shifts by 20—40 enr' towards lower frequenrics [213, 
21 1]. A weak bcind oeeurriiig as a .shoulder on the main band of the vCH vibra- 
tion was a.ssigned to a combination between the first overtone of the =CH 
deformalinn mode at 1250 enr'^ and the fnndamcnfal vCj:=C vibration at 
2120 cm”^. The relatively high intensity of the band is probably due to a 
Fermi resonanec with the C- 11 fundamental [199]. 

c. .3G— II deformation vibrations. All aeetylenic compounds of the 
type R— C=CH have one or two strong bands in the 610—680 cm“^ region 
[197, 199]. The absorption was a.ssigned to a deformation of the :^C— II band 
[197]. In molecules with a three-foJd or oo-fold axis the two C— H deformation 
modes arc degenerate and a single band uceiirs in the spectrum. In methyl- 
acetylene (in the vapor phase), the baud arises at 633 cm”^ [197], and in CS| 
at 630 eiu“* [19!)|. In less sjminetrieul compounds the two equivalent coinpo- 
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oents of this douhly dogooiirate vihratioii occur as a more or fess distinct 
doublet. Pbenylacetylene in the vapor phase shoun two absorption maxima 
at 642 and 613 cm'*. The 613 cm"* bond belongs to type C (strong Q branch). 
It was assigned to the nonplanor ==C— H deformation. The 642 cm'* band, 
without the Q branch, was assigned to the EiC— II deformation in the plane 
of the acetylenic triple bond [199]. 

The overtone of the £:zG— II deformation vibration has an appreciable 
intensity in spectra of monosubstituted acetylenes, occurring in the range 
1245—1260 cm'* (in methylncetylene, at 1260 rm~*). 

d. Odier vibration modes in acetylenes. All acetylenic compounds have 
bands in the 900—960 cm'* region ossigned to the stretching vibration of the 
C— C bond adjacent to the triple bond. The spectrum of methylncetylene 
(vapor) shows a band at 928 cm'*, which slightly shifts its position (to 930 cm'*) 
in CS, solution [197]. Since they occur in a crowded region these bands cannot 
be correlated with structural details. .Skeletal deformations arise in the low 
frequency region, 300— .350 cm'* [199]. 

C. AROMATIC 11 \ I) R 0 C A R HONS 

Aromatic hydrocarbons have rhuracterisitie absurpluiiis in the region of 
C- II stretching vibrations (3000— 31UU cm'*), C-11 detormation vibrations 
(650 —900 cm'*), and C-C stretching vibrations (1450—1650 cm'*). Charac- 
teristic overtone and combination bands of lower intensity occur in the range 
1660—2000 rm'*. Along with liands arising in the derormatiun mode region 
they enable us to a5.scss the degree and lype of .substitution ot tlie benzene 
ring. Although in some regioms absorptions of aromatic liydrocarbons overlap 
with those of alkenes, the presence of an aromatic ring can be established 
readily by taking into account the position and intensity of bands in all the 
regions mentioned above. 

1. Monoeyvlic nromatie hydrorarbons 

a. Beuxene. Benzene is one of the few molecules with a large uumher of 
atoms for which a complete vibrational analysis has been carried out. The 
interpretation of infrared and Itamaa sjierlra has contrihiilcd mucli to the 
elucidation of the slruetiire of the benzene molecule, one of the fundamental 
problems of organic chemi.stiy. The analysis was possible because of the high 
degree of symmetry of the molecule. The rlioice between possible models was 
made by changing Ibc molecular ssmmetrj b) means of selecthe deutenition 
and by comparing the Raman and infrared .spectra of the deuterated compounds 
with the corresponding theoretiral spectra. The Keknle structure (9^) with 
Da symmetry could be excluded by showing that the benzene molecule 
belongs to the point group Da (Fig. 11.12), where all C— C bonds arc equi- 
valent (9Sa). 
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The 20 normal vibratiounl niodpfl of fhe UL molecule with Vgt svm 
nictO’ shown in Fig. 11-43 I215’217}. 

Four vibrational modes are active iu Ibe infrared (A,„ arid 
and seven in Hamaa (2^4^^, 4Fjf and Fjj) (Ihe mutual exclusion rule is 
applied). The other nine modes are 
forbidden both in Haniaii and the 
infrared. « 

The infrared spectrum .shows five 
strong bands at 671, 1037, 1485, 3045, 
and 3009 cm"! (Fig. 11-44). The last 
two are a resonaiiee dniiblet of the fun- 
damental vibration v„ and ilie com- 
Iiination Vk+v^s (Herzherg notalions). 

A third band observed in the vCII re- 
gion at 3073 rm~^ arises from the eom- 
bination v,-|-vii-{-V],b, resulting from 
the resonance of the fundamental v,,, 
vilh the rombinatiou Vj+v^,. Theo- 
retically, these resonances ramiol take 
place in the C,D, molecule. Indeed, 
the infrared .spectrum of hexadculeiu- 
heiizeiie shows a single band in this 
region at 2294 cin"^ (Fig. 11-14). This 
fact strongly supports the l^a,s>mluelr^ 

|215|. 



Fitf. II 12 Dib s>iiimi'tiy uf beuzeue. 
a — r,irlitiu .ilum; • - liitlmgen atom; Cg nxlv 
uf^^inniPln; rr^, - planrof Rvniiuelry; » - irn- 
In ol sNimniMry, 


llie 071 enr^ hand in the spectrum nl benzene (r»U3 ciu”^ in C,!),) uir- 
respunds to the iii-pliase periodii' vibralion ol the six lij drogeii (or deuter- 
ium) atoms in a plane perpendicular lo that of the six carbon atoms. 

The 1037 enr‘ band (81.3 cnr‘ in (-,1>8) defuniialion vibra- 

thiii of the carbon-hydrogen (deuterium) bonds. 

The 118.') enr^ (133.3 in ('jDj) bund coiresponds lo a delornialion \ibra- 
lion ol the ring. 

Only Ihe Mbiution oieuning ul 071 cm'' is a line (letorinalioii Nibra- 
lion. The other modes (sec Fig. 11-13) iiivohe motions along the C — II va- 
lence lines. In the.se ca.ses a diireiciitialion belweeu slietchiiig and deforma- 
tion modes is no longer possible |217— 21'l|. 

Substitution ol one or .se\ oral hydrogen atoms in tlie benzene molecule 
results in lo.ss of the Iks symnielry anil a correspoiiding increase in infrared 
active vibrations. Moiiosn'bslilnled cMinpouiids CbIIbX where X is inono- 
alomic, belong to the point group (1*, |220].Even il X is polyatomic, the 
local symmetry of the ring is presersed so that the clniracteristii. vibrations 
maintahi their symmetry lype. In molecules with C.,, symmetry, the normal vi- 
bration modes are divided into four species (svininct ry classes ; see page 80):.1i(7r), 
^s(y, s), and 2 ?j(y, ns). All vibrations except those of Hu- .1* tyjic are 




Fig. 11-43 Vibration modus of the benzene iiiolecuic. in each square are shown; 

Wilson noUilinn (vj— v,.) [216 1, Jlerzburg iiolallon (In bru(skpt8)|2l5J, species iA^gt 4il^, 

UTidvibniUu]ilM»€(vi4C, vClI, (jCL, (n.ll.YCC, yCH). Under 
llip srlimie nf rnrh vllinitlou niuilr, frrt[iieiii'V nnci iirllvily in Uiunnii nr the infrarnl lire ihowii (17- 
aaetive in Human, iiiAdisILve in Itus intnircd, iaslnucLive). The arrowh show the displacenienls 
or nuclei In the plane of the molecule; -ht displacenients aiiuvc the plane; — , dlsplaoeinenti below 
the plane, h'or eacli degenerate mode, only one of the three component vibmlloni is shown* 
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allowed in the infrared. The vibration modes of the CfH|— X molecule are 
shown si^ematically in Fig. 11-45. All C—H stretching vibrations occur at 
frequencies in the range 3000—3100 em~i. Theoretically the number of v€H 
fundamentals should be equal to the number of hydrogen atoms attached 
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Fig. Inlrarrd activr fiinilnnu-nlal frequrncii'i. in (ifllf and G,D,. 


lo Ihe ring. In the iiiajorily ol c»si>.s the a.s.sigiiment of l)ands iii this region 
i.s extremely difficult. The five vCll vihrutiuns of monosubstitiited com- 
potiiuls are not sho’wii in Fig. II- 1.'). 

1). C— II slrotehing vibrations. Absorption l)and.s of C— 11 stretrhiiig 
inodes in aromatic hydrocarhoiis occur at 3000— 3100 em~^ Thus aromatic 
h\ droearbuns differ from saturated hydrocarbons which absorb below 3000 cm**^ 
(except small ring compounds). As shown, benzene has three bands in this 
region; only the band at 3080 cm~i is the fundamental. 

In spectra of substituted derivatives, two to five bands occur in the 
3000 .3100 region, depending on the number and position of substituents 
|22l, 222J, Only the strongest band i.s eoiisidered fundamental. The other 
Itiuirls eorrespnnil lo eombinatiniis of vibrations in the 1400—1600 rm~’ |222|. 
Ill the majority of monosubstituted derivatives of benzene C,l}gX(X- Hal, alkyl, 
NI 4 . OCII,, Clio, etc.), the bands are grou))cd in the ranges 3027—3039 cm"’, 
.30.53—3078 rm"’, and 3084- ,3096 eni"’ |222]. In many instances it was 
ob.sersed that the number of these bands decreases with increasing number 
of substituents, but this is not a general rule. 

Table 11-43 shows al).sorptions in the 3000—3100 cm"’ in spectra of 
some alkyJhenzenes. Changes in the aggregation slate nf the sample do not 
re,sult in shifts greater than 10 cm"’. 

e. C— H Ou1-ol-plme delormation vibrations. (yC— II). In benzene 
the in-phase deformation vibration of the six hydrogen atoms perpendicular 
to the plane of the ring occurs at 671 cm"’ |215]. The coorrespondiiig absorp- 
tion band is very strong and is one of the four fundamental vibrations 
artive in the infrared. 

In substituted derivatives of benzene, deformation vibrations of the 
remaining ring hydrogen atoms give rise to a strong band in the range 680— 
1000 cm"’. This band has been studied in many aromatic cuinpuiinds, both 
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Fig, il-4j Sorinal vibruLioii lundcs of llic iiioluculo of iiioivisulisLiliilpd bi'iizrnr (poIiiL group 
Cjy) ui’cording lo 1>. II. Whifleii (220], 


Tuhlc II- Ji v(JI FrequfikdFb In nlkylbpuzrurs, 


IfydrocArbon 


7i:ii 


IlydroL'Hrbon 


vCll 

Beii44jnc 

m'd 

3071 

80H1 

p-Xylene 

31113 

3063 

Toluene 

mw 

3006 

3088 

l,S,5-TrlnieLhyl- 



ElUylbcnzrne 

b'028 

30G(i 


benzene 

3020 


ii-Dutylbcnzciic 

3031 

3066 

3UHK 

t,2,3-TrJmethyi- 



Ier/-Buty]benzpne 

3029 

3064 

3091 

benzeiie 

3020 


0 - Xylene 

3013 

3018 


l.2,4-TriniethyJ- 



111 - Xylene 

3013 



benzeiie 

3003 

3040 





IlVDROCAHBONS 


m 

from a theoretical and empirical point of vic^- [200, 223—226]. The fre« 
qneney of this band depends primarily on the number and potUion of substi- 
luents and is practically independent of the nature of sabslituenti [2201. 
liecanse of this fuel, the H ^dnd is of f;rrat analytical value and is 
widely used to determine the mode of substitution in the benzene ring. It 
should he pointed out, however, that in polysubstituted compounds, the inten- 
sity of the band decreases sharply, limiting the possibilities of characteriza- 
tion of the mode and degree of substitution. The very strong characteristic 
hands in alkylbenzeiics are ul great value in quantitative analysis [225, 227). 
These compounds often show two or several strong bands in the 680 —900 cm"^ 
region. The second band (which in more complex molecules may be accom- 
panied by w'eaker bands) arises from other out-of-plnnc CIT deformation modes 
which become aetiM> in the infrared as a result of changes in the molecular 
symmetry. 

Depending on the number of hydrogen atoms on the substituted benzene 
ring, the spectra show slrong bands in the iollowing regions [228, 229, 230J; 


5 11 vicinal 
4 H „ 

3 11 . 

2 II 
1 II 


730 - 770 cm-» 690-710 cnr»* 

735-770 

750- 810 

800 -8GO** 

800-900 


Tlie limits of occurrence of characteristic frequencies in inuno-,di-,irj-, 
and tetrasubslitutcd alkYllieuzcnes are sho^iisrheinalienlly in Fig. 11-16 [22 i, 
225, 229). 

1. MonnsubsUhited benzenes. In Ihese compounds five hydrogen atoms are 
attached to the ring. The in-phase deformation vibration oi these atoms, 
which ran be visualized as the motion of an opening and closing umbrella, 
gives rise to a strung absorption in the range 730—770 cm~^. The band is 
readily recognizable becuu.se of its very high intensity [229 1. It is accom- 
panied by a second, weaker absorption at 694i;ll em~^ assigned to ring 
lieforiiiution and labeled <bCC [220]. 

Figure 11-17 shows the 667—900 cm"i region in spectra of some alkyl- 
lienzenes. 

The positions of the yC - II band in n number of monosubslituted ben- 
zenes are shown in Table 1 1- 14 [224J. 

However, the region assigned to the yC-H vibration in monosubstituted 
lompounds overlnp.s with the characteristic region of yCH vibrations arising 
Irnm the four hydrogen atoms in ortho-disubstituted compounds, The two 
i‘la.>(.sr.s of compounds ran be differentiated by the 700±10 cm~^ band occur- 


* Occurs alio In l,3-,l,J,5-,iud 1,2,3-subilUuted compounds. 

** Often at 800-820 crn'i. 
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Fig ir-47 Infrared spcctia of some nionoalkylberi/uies i 
the C— H defnrmalion mode legion. 

(a) loJiirne; (b) n-butylbeniene; (r) ferf-butylbenzmc 
id) 2-phenylbeptBne. 



Fig. 1M6 Infrared abiorptlons Fig. 11-48 Characlrrlilic Irequrniies of monosubsti- 
of Mine monocycllcaromatlc by- luted benzenes in po^ryclic syitemi, 

drocarboni In the out-eKplane 
CH deformation mode region. 
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ring in monoRubBtitnled derivatives {220). oiiAo-Disubstituted compounds 
have a single band in this region (see Fig. 11-46). If this band is absent^ the 
presence of a monosubstituted benxene ring cannot be assessed with certainty. 

On the other handi mr/o-disubstituted compounds and 1,3,5-tri-substi- 
tuted compounds also absorb in the 700£10 cm~^ region (see Fig. II>46). 
Consequently this band can give an indication concerning the mode of sub- 
stitution only if all the characteristic regions of the spertnim are studied 
(see page 200). 

The 700:110 cur‘ is constant iu position even in compounds with com- 
plicated structure. The .idclurt of diphenyl-benzofurane with anfi-tricyclo- 
octadiene {99), l,4,5,8,-Lotraphenvldil>eazubiphenylenc-2,3,G,7 (109), and 
its enioxo derivative {191) have a strong absorption at 698—700 enr'^ 
(Fig. 11-48) {230, 231 j. The presence of this band confimts the existence of 
monosubstituted benzene rings. The complicated pattern in the 730—770 cm~^ 
region is due to overlap of bands arising both from monosubstituted and 
orf/io-disubstituted rings. 


c'liu Ciifi cMii rail 



Uii. ('«»« 

(lei) 


In a number of compounds with monosubstituted benzene rings attached 
to a C=;C, C— N, N=N double bund, it was observed that .spectra of cis 
isomers have a larger number of bauds than those of Irons isomers in the 
C80— 800 cm"^ region; fur example, frans-azobenzene absorbs at 689 and 
776 cm~^ (typical pattern for a monusub.stituted benzene ring), while cis- 
azobeiizenc absorbs at 688. 700, 756, and 774 enr^ Similar behavior is 
observed in slereoisomers of stilbenc, azoxybenzene, benzaldoxime, and the 
benzene diazotate ion. The phenomenon was attributed to a vibrational 
perturbation due to steric hindrance of CH bonds in the orlho positions [232]. 

2. Disubsliluied benzenes. Frequencies of bands assigned to the deforma- 
tion vibrations of the remaining four C— II bonds in the disubstituted benzene 
ring depend on the position of the.se bonds in the molecule and are of value 
in establishing the relative positions of the two substituents. 

In alkylbenzenes only mota-disubstituted derivatives have two bands; 
690—710 cm~^ and 770 — 800 cnr‘. The first band occurs in the same region as 
that characteristic for monosubstituted compounds (see Fig. 11,46). OrfAo-(l,2)- 
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and para^lj4)>duubsti1;uted compounds have a single strong band in this 
region. Inor//to derivatives it occurs at 770—760 cm"^ and in parn^derivatives 
at 810—830 cm'^ In most cases these characteristic absorptions are of value 
both for establishing the type of substitution and for quantitative analysis. 

In the case of identical substituents in the ortho-position, it was possible 
to calculate the frequencies corresponding to the yCH vibration. Only vibra- 
tion modes belonging to the /ig class (783— 9G8 enr^) have strong absorptions 
in the infrared. In or/Ao-CglliDg the very strong band iit 751 is assigned 
to this type of vibrnlion. The band position is independent of the n.iture of 
substituents, as in the case of inonosiibslituent derivatives [220, 221]. In 
Table 11-45 are shown frequeiieies of some ori/io-disnbstitutod benzenes. 

In spectra of aromatic compounds 
witli the general formula {102), char- 
acteristic cliiinges are observed, de- 
pending on the .size of the eyrloalkenc 
ring. 

.CM, 


Tabel Il-iS y OU freauaiulM la 
orlVio-diialMtUHted beniraiM 


Nc, 


/V \ 




(fJIjU n-O, 1, 2, 3, 4, 


X, 


X. 


■yCII, enr 


CHa 

Clla 

713 


CgHa 

73^ 

Cl 

Cl 

7:)0 

CUa 

NIL 

7f)3 

Gila 

Oil 

7:i2 


( 102 ) 

In the case of tetralin {104), a 
single strong band at 746 rm~^ is 
observed, the same a.H in o-xylenc {103), 
which means that closure of a strain- 
free ring does not change the vCII vi- 

■ ■ bralionsin the benzene ring [233]. The 

more strained the cyclualk('ne ring, the more depeudcnl becomes the vibra- 
tion on the type of substitution, liidane {lOS) .shows two bauds, 730 and 
752 em**^. In bcnzucyclobiitene {106) the liands are still further apart: 714 
and 781 cm~^ [234 1. The characteristic frequencies of these fundamental 
systems arc shown in Fig. II-IO. 3, 1,7,8-DibenzotricycIo [4.2.0.0^‘‘[ octa- 
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dienc-3,7 {107) has llmee bands, 721, 747, and 773 cm"*. The middle band 
is very strong [235] . This group of bands is considered characteristic for the 
benzocyclobutene system (Fig. TI-50). The same pattern can be seen in other 
compounds containing the benzocyclobutene system. In the spectrum of 3,4, 
7,8-dibenzobicyclo [4.2.0] ortadienc-3,7 {108), formed by condensation of 
o-quinodimethanc with henzocyclobutadienc, the oiit-of plane deformation 
vibration of the hydrogen atoms attached to the benzene ring give ri.se to 
a group of bands with frequencies 730, 748 and 765 cm"^ [236, 237|. 
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In more complicated lys- 
temi of type [lOS), the spectra 
support the above assignments 
[230]. 

2, 5i 6 •Dibensocyclooc- 
tatetraene (110) shows bands at 
765 and 776 'em"* (Fig.II<4!l). 
Dibenzocyclohcptatriene (lii) 
shows bands at 729, 739, and 
760 cm"*. 

ilfefa-disubstituted com- 
pounds have two bands in the 
yCH region, in the range 
680-725 cm"* and 750-810 
pm-* [229]. 



Fig. IMS Infrared qtectmm'sf o-iylene (a), tetralu 
^t), indaiie](e) and beuocyclobntenejin Uie GH defot- 
matlon mode region. 


In alkylbenzenes the limits are 690— 710 cm"* and 770— 800 cm"* [225]. 
These bands are of limited analytical value because both monosubstituted and 
1 ,2,3-tri8Ub8tituted compound absorb in this region. 






aio 


m^RARSD SP&CTRA OF QIK3AM3C COMPOUNDS 


Pars-dicubstituted compounds have a single band at SOO—fltO cm*^ 
[220]. Distinction from melo-disubstituted compounds is possible since the 
lattw have a second band at lover frequency (see above and Fig. 11*46). 
In order to distinguish poro-disubstituted benxenes from 1, 2, 3, 4-tetra* 
substituted ones, the spectra have to be compared in the 1660—2000 cm'^ 
region (see Fig. 11—53). 

The macrocyclic paracyclophane system (113)> in which two benzene 
rings are linhed in para*position by bridges of 2— 6 methylene groups, shows 



raS{< U-4t Y CH frafsenelM 
In fune|«lophHna [881] 


H|)n 



(ca^ 


Fig. I1-&1 Infrared ipectruni of 1,2, 5, 6 -dlbenzoiTClooctatctraene. 

anomalies in its infrared and ultraviolet spectra [238]. Table 11-46 shows 
the absorptions in the out*of-pIane CH deformation region in compounds with 
/nas2 and 0=2, 3,4. The anomalies were interpreted as effects of disortion of 

the benzene ring and interstitial resonance 
due to the geometry of the system. The 
compound with m=-n=:2 has a small 
distortion of the rings. The molecule with 
fn=3 and n=6 is planar and has in this 
region a spectrum analogous to that of 
acyclic compounds (e.g., 1,4-dicthylben- 
zenc or 4,4'-dimethyldibenzyl). 

3. Polysubsiituted benzenrs. When the 
number of adjacent hydrogen atoms de- 
creases, the yCH vibration frequency in- 
creases while the band becomes weaker. 
In pentn-substituted compounds, the ab- 
sorption takes place in the range 870— 
900 cm“i [239]. 

All trisubstituted compounds have 

two strong bands in the 680—900 cm"^ 

region (see Fig. 1146). The lowest yCH frequency in this series is to be 
expected in 1, 2, 3-substitutcd compounds with three adjacent hydrogen atoms. 
Indeed, all these compounds show strong absorptions at 760—780 cm”^. Their 
bands may sometimes overlap with those of mefa-disubstituted compounds, 
which also have three adjacent hydrogen atoms. The other weaker band occur- 
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ing ii wai tentatively Maigned to a defonnatlon vibration 

of the bewieae ring (MiC) analogona to that of moaoeobatitttted componndi 
(690—710 em*^), jnefa^feuhilitnted compounds (690—710 and 1,3,5- 
triinhstituted compounds (680—700 cm:^). With few exceptions these two 
bands are of satisfactory analytical value since the yCH frequency is gener^ 
ally above 770 cm'^, while the low frequency band is variable in position 
and slightly higher than in monosubstituted compounds. 

The spectrum of asymmetrically substituted compounds (1,2,4,-) shows 
both the yCH band of the two adjacent l^drogen atoms (in the 805^25 cm*^ 
region, almost identical to that of pora-disubstituted compounds) and the 
band arising from the deformation mode of the isolated hydrogen atom 
(870—885 cm*^). The band is of medium or, at the most, medium-strong 
intensity. 

1,3,5-TriBubstituted benzenes have a single main band in the region 
835 —874 cm~*, corresponding to the yCH vibration of the three isolated 
hydrogen atoms [240]. Obviously the intensity of the band is higher than that 
of 1,2,4-substituted compounds and the frequency is generally slightly lower. 

In identification of symmetrically trisuhstitnted compounds, the out>of- 
plane deformation of the aromatic ring (C>CC) at 680—700 cm*^ is of major 
importance. The infrared spectrum of mesitylene shows a strong band at 
835 cm"^, accompanied by a weaker one at 881 cm*^. The absorption at 
687 cm**^ (0CC) enables the identification of symmetrically trisubstituted 
compounds. 

In 1,3,5-trialkylsubstituted compounds, the yCH frequency increases 
with the number of side chain carbon atoms and with the volume of the 
alkyl group (Table 11-47). 

Table II~41 CH frefoowlee la l,3,a.trlslk7lbMiiiiiM (nD~*) 

B, 


„/V\ 


H, 


Ri 

R. 

R. 

yGH 

CH, 

CH, 

CH, 

835 

CH, 

CH, 

CH, 

CH, 


845 

846 

CH, 

(CH,),C 

847 



^l^H 

B65 

857 

CH, 

(ClbXH 

(CH,),C 

(CHOjCH 

(QW: 

(CH,),CH 

858 

870 

(CH,yC 

(CH,),C 

(CH,>|C 

874 


A shift towards higher frequencies is also observed in the distorted 
benzene rings of the paracyclophanc system. The vibration of the isolated 
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hydrogen atoms on the benaene rings in compound (JIS) occnis at 906 cm’^ 
(341], The 710 em*^ band is due to the vibration of the distorted ring, 
la the analogous unsubstituted compound, the band occurs at US cm*^. 




Relatively few examples are available for the characterization of tetra- 
and penta-substituted benzenes. The assignments in the SOO-000 cm*^ region, 
supported to a certain extent by these examples are unreliable. 

4. Jn-plaiu CH deformation oi^tions (pCH). Spectra of aromatic com- 
pounds show a series of bands of^relatively low intensity in the 950-1 225|cm’^ 
region, characterized by their sharp shape. These bands arise mostly *from 
in-plane deformation modes of the ring CH bonds [220J. Their analytical 
value is diminished both by their low intensity and by the fact that many 
absorptions occur in this region (vC-C, kC- 0 etc.); however, they may 
be of value to confirm observations made in other regions. 

Existing data show to a certain extent that one can set limits for char- 
acteristic absorptions of various substitution modes (see Table 11-48). 

The identification of a certain sub- 
stitution type within each group in Table 
11-48 is only possible if one considers 
the absorptions occurring in other 
characteristic regions of the spectrum. 

d. G— C stretehing vil^tioiis. 
The benzene molecule has three energy 
levels associated with stretching vi- 
brations of the ring carbon atoms. The 
first two (E|g, 15K cm*^ and Eju> 
1485 em'^jare doubly degenerate; the 
third level is not well defined. The 
only vCC vibration mode active in the 
infrared (Ejt) has a frequency of 
1485 cm"^. 

By loss of Dih symmetry in sub- 
stituted compounds, the other C— C 
stretching modes of the benzene ring also become infrared active. In mono- 
substituted compounds (point group Cit), the two components of the doubly 


TaMe ll-it Gnnpi of bunii In 
dw SaO-lZIZ eiB~* reiloii 


BflniflM NibiUtatad 

Id poittloDB 

Fteqneney. 

1,2; 1,4; 1,2,4 

looo-ioro* 

loeo-iizs 

1175-1225 

Ii3; ls2|3o' lp3»5 

1000-1070 

I070-11I0** 

1125-1175 

lp2| l|2y3s 

960-1000*** 


* Two budi. 

** Dow not ouuT In 1,3,5. 
*** One band. 
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abiorpUMS. In tome cma tbe main band hai a ahouldar; otiter eaaes, the 
abaorptieni occur aeparately. The aeparation of the two levels is nach larger 
in the ease of doubly degeikerate vibrations occurring at 148$ cm"* (£}«), 
i-esnlting in the occurrence in the infrared of a strong band at 1499 cm'** 
(probably due to an di-type vibratiob) and a second band at 1451 enr* 
(component of type bJ. 

vCC bands con also be observed in compounds with a higher degree of 
substitution. Spectra of these compounds show four main absorjjiion bands 



Pig. 11-52 splitting of degenerate modes in going from Du to 
symmetry (see alto Fig, 11-43 and 11-45). 

in the 1450—1650 cm~* region, the most characteristic occurring at 1500 and 
1600 cm~* [220, 221, 229, 233, 242, 243], Correlated witii bands in the 
3000-3100 cm~* and 6S0— 900 cm"* regions, they serve for the identifi- 
cation of the aromatic ring. The absorption at 1500 cm~* differentiates 
aromatic hydrocarbons from alkenes, which do not have vC=C bands at 
such low frequencies. The position of bands in the 1450—1650 cm~* region 
in mono- and disubstituted benzenes is shown in Table 11-49. 


Tabu 11-48 vrx IregueiirlN (<m~*) In mona- and dliatatlluied Imuhim 1220J 

Mode Df lubitltatlon 


mla 


1451±12< 

1499±7m 

158B±9ia* 

I606±7m* 


1445±8( 

)490±11« 

1575±B*Kif 

I609±10*rar 


1447±15in 

149g±7M 

]5B0±7t* 

ieild;9t* 


1460±10m 

15ia:bl2ni 

1571±llv* 

leao^Bm* 


* In many roinpoundt theM ab&orpliont form a tingle band, m vrry itrong, * strong, 

m medlnm, v veak, ear variable 
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Table Il>49 showa that in various olasses of compounds the bands vary 
less in position than in intensity. The approximate mean values of fre> 
qoencies in Table 11*49 are 1450, 1500, 1580, and 1610 cm*^. A short dei* 
rription of the four regions containing vCG bands is given belov. 

The 1450db20 c band. The hypothesis concerning the existence 
of a vCC vibration in the 1450 cm*^ region [244] was couiimed by an 
extensive study of a many substituted benzenes [220, 221, 245). The limits 
of the region were established from a study of a series of monosubstituted 
compounds absorbing in the range 1439—1470 cm*^ [221], The band is of 
little analytical value in the case of alkyl substituted compounds, because 
of the possibility of overlap with absorptions arising from the CH deforma- 
tion mode of CHt groups. In some instances (nitrobenzene, aniline), the band 
is of low intensity. The band can be identihed readily in halogenated ben- 
zene derivatives. 

The 1500±25 c m*^ band. The majority of aromatic compounds 
have relatively strong absorptions around 1500 cm*^ [220, 221, 245]. 
The bands of pora-disubstituted and 1,2,4-trisubstituted compounds occur 
at higher frequencies; 1,2,3-trisubstituted compounds absort) at lower fre- 
quencies. The band position seems to be affected by the electronegativity of 
substituents, but even more so by the relative position of substitution, 
Consequently, absorptions in this region are not indicative of the nature of 
substituents, and only in certain instances, in association with the 1600 cm"^ 
band (see below) can they give information with regard to the type of 
substitution [225]. 

The 1600^:25 c m~^ and 1580:t20 c m~^ bands. As shown 
above, in substituted benzenes, the splitting of the doubly degenerate E^g 
fundamental band is often insufficient for distinct observation of the 
two components. Their separation is enhanced when the aromatic ring is 
conjugated with C=C[242] or C=0 [246] double bonds and is accompanied 
by an appreciable increase in intensity of the 1580 cm*^ band. The 1600 cm*^ 
band is very constant in position in monosubstituted compounds (I600d;7 cm*^). 
Its frequency decreases in 1 ,2,3-trisabstituted compounds and increases in 
para-substituted derivatives. In general, shifts of this band in both directions 
occur simultaneously with those of the 1500 cm~* band. To a certain extent 
the influence of electronegative substituents results in shifts towards the lower 
limit [221]. The positions of the 1600 cm~* and 1500 cm'^ bands are affec- 
ted very little by the nature of substituents except for a few compounds where 
they are shifted towards the extreme limits of the region. In certain instances 
the relative position of substituents seems to play a more important role in 
the rather small shift of the band. 

Shifts in position of the 1450—1650 cm~i bands are, however, much 
less important than the observed changes in intensity. In the case of com- 
pounds belonging to the point group Civ (mono-substituted or para-disub- 
stituted derivatives), one may aigue about the main reasons leading to 
variations in band intensity [247]. 
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Jn the case of substituents which only slightly puturb the charge dis^ 
tribi^on in the ring, vibrations c and d (Fig. 11-45) should give rise to 
weak absorptions, while vibrations e and f, arising from the infrared active 
fundamental E^, should share between them the intensity of the correspond- 
ing absorption of unsubstituted bensene. 

If the nature of the substituent is such tiiat it can alter the charge distri- 
bution in the aromatic ring, the change can only be symmetrical with respect 
to Ihc plane ff«, perpendicular to the plane of the molecule. Obviously, as far 
ai intensities are concerned, the influence will be felt most strongly by vibra- 
tions of type A, (Fig. II-45c and e). 

However, the relative change in intensity will bo larger in c and d than 
in e and f because the very activity of vibrations c and d depends on the 
existence of X (and Z in the case of paro-disubstituted compounds). Conse- 
quently, the largest change in intensity associated with perturbation of charge 
distribution in the aromatic ring is to be expected in the case of the absorp- 
tion arising from vibration c (1600:j;2S cm"^). The variation is larger for d 
and e and relatively small for f. The intensity of absorptions arising from 
vibrations r and d should increase more or less steadily with increasing 
charge perturbation. In vibration e, the variation cannot be predicted. 

For experimental confirmation of these hypotheses, three groups of com- 
pounds were chosen, where the substituents are (a) strong electron donors 
(+E effect; NRg, OR), (&) we.ak electron donors (substituents attached to 
the ring through a saturated carbon atom), and (c) strong electron acceptors 
(-E effect; C=0, NO, directly attached to the ring). Table 11-50 shows the 
mean frequencies and the apparent extinction coefficients of bands in mono- 
substituted benzenes, 


Table Il-tO Umd IrtqnnelM and nraveor •zUnetlon eMHIeJmla in C|H,H [247] 





Vibration mode 




H 

A.(e) 


».(d) 


A.(«) 


»i(f) 



eao^' 

•(«) 



cm"* 

.f«) 


.(«) 

Strong electron 
donor 

J603 

200 

1586 

60 

1498 

155 

1451 

30 

Weak electron 
donor 

1605 

15 

_ 


1495 

40 

1464 

45 


(1585)* 

0 

(1585)** 

0 

(1481) 

(40) 

(1481) 

(40) 

Electron acceptor 

1604 

50 

1585 

35 

1489 

15 

1451 

55 


* In benzene n single band al 1585 cni~> fundamental, active in Raman) ind 
1481 cnr~i (R,, active in the infrared). For clarity the intensity of the Ej band (fl^"^>*80) 
was equally distributed between the two components. 

** Raman frequencies. 

As expected, the largest variations were ob.served in the case of vibration 
c and the smallest is that of vibration f. Relative variations in intensity are 
larger for c and d than for e and f. The intensity of the 1500 cm*^ band 
seems to increase for every electron donating substituent directly attached 
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to tiw ring. In nonconjogated aj^tems, the buda in the 1400—1050 cm*^ 
region are often weak. The 1500 em'^ band ia generally atronger. In all ocm- 
ponnda where the aromatic ring ia conjugated with a double bond (€»€, ObO, 
NOj) etc.), band intenaitiea (particularly those in the 1560—1600 cm'^) range, 
increase. The intensity of the 1500 em*^ band is alightly lower (its intensity 
falls below that of the 1580—1600 cm*^ bands). In some instanees, tte 1600 cm*^ 
band becomes so strong that it surpasses that of the carbonyl group. If the 
latter is involved in hydrogen bonding, the shift of the band cannot be. deter* 
mined with enough accuracy to be of value as a criterion for the degree of 
association of the molecule. 

e. Bing TUmtiMU. In the benzene molecule the carbon atoms forming 
the aromatic ring vibrate as a whole. These vibrations are known as ring 
vlbnUoM. Because of molecular symmetry, all ring vibrations of the benzene 
molecule are inactive in the infrared. In substituted compounds they give rise 
to absorptions, some of which are characteristic. Vibration p in Fig. 11-45, 
suggesting a ''breathing" motion of the ring, is relatively constant in frequency 
(1000±10 cm**^) and occurs with variable intensity in monosubstituted, meta- 
disubstituted, and in the majority of trisubstituted compounds completing 
t^ characteristic pattern of vibrations in the 900—1225 cm~’ region. Its 
position is influenced by oriho- and pora-substituents and the absorption can- 
not be identified. The in-plane deformation mode of the aromatic ring (k-C— 
G— C) (Fig. 11-45 s) gives rise to a weak absorption at 620±4 cm*^ in spectra 
of monosubstituted compounds. One of the most characteristic aromatic bands, 
which can be identified readily in monosubstituted (697:bll cm”^), meta- 
disubstituted (690±15 cm"^), and 1, 3, 5-triBub5tituted compounds (690±2 
cm*^) arises from the out-of-plane deformation mode (giCC) of the benzene 
ring (Fig. 11-45 v). As shown, this band is of special value for the characteri- 
aUon of the type of substitution in aromatic compounds. A second out-of- 
plane deformation of the ring (Fig. 11-43) occurs in the 400 cm~* region. Tech- 
nical improvement of the existing spectrometers, allowing the investigation 
of low frequency regions, will probably enable the detection of new charac- 
teristic absorptions of aromatic compounds. These should arise from the pa^ 
ticipation of the substituent-ring bond vibration, which is thought to be 
appreciable [230, 248, 249]. Table 11-51 shows the frequencies of some benzene 
derivatives in the 250—650 cm~^ region. 

Tabu tl-II IkequBelM at aoma mBimnbiCIlalfd 
InanM In the EW-6M enri realra 

Compouad FtaqMosyi 


Benien* 610 », 403 mp 

Chlorobsnzene 616 v, 467 •, 415 1 , 207 « 

Bromobeuene 616 », 45B w, 314 m 

Tolneiin 633 w, 521 v, 465 1 , 347 m 


f. Ghameteriitic abaurptioiiB in the 1660—2000 em'*^ region. Combina- 
tion bands and onerfo/ies of yCH vibrations in the 680—1000 cm*^ region occur 
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vttli low iBtenftitieB in the 1680—2000 om*^ rang? 
{250-262]. As thown, the bands in the regioii680— 900 em*^ 
are eharacteristie {or various types of substitution (see 
page 205): consequently, the corresponding overtones and 
combination bands have a typical pattern which can be cor> 
related to the mode of subrtitution of the aromatic ring. 
Like their fundamentals, these bands are not influenced 
by the nature of substituents. 

In general, aromatic compounds show more bands in 
the 1660—2000 cm*^ region than the majority of other 
organic compounds. However, these bands are weak 
(•Ms 5), and in order to study this region, it is necessary 
to work with liquid films of considerable thickness 
(0.1 mm) or with thick layers (1 mm) of concentrated 
solutions (ca. 10%). In the latter case one must take into 
account that absorption arising from solvent must be com- 
pensated correctly. 

Figure 11-53 shows the characteristic aspect of aro- 
matic absorptions in the 1660—2000 cm~^ region. The 
simpler pattern in more symmetrical or more substituted 
compounds is due to the decrease of active yCH fundo- 
mental frequencies. 

With regard to the origin and meaning of these bands, 
one can consider that their number and intensity are of 
greater analytical value than their positions. Spectra of 
monosubstituted compounds always show four bands with 
intensities decreasing towards lower frequencies. Small 
exceptions are seen in chloro- and bromobenzene, phenol 
etc., where band positions and intensity distribution are 
changed. However, the changes are small, and the general 
pattern of the region is very similar to the standard (see 
Fig. 11-53). It should be pointed out that changes in posi- 
tion and intensity due to some substituents do not result 
in patterns similar to those characteristic for other types 
of substitution. Generally, the standard characteristics of 
the pattern arc maintained. 

The 1660—2000 cm~^ region may lose its analyticnl 
value because of either the occurrence of other funda- 
mentals and overtones or the influence o( some substi- 
tuents. The most important fundamental occurring in the 
1660—2000 cm"^ region is that arising fiom the carbonyl 
group. The vCs^O band is very strong and rovers this 
region almost completely. The occurrence of an 

Fig. 11-58 Chancterlitic pattern ol the 1660-2000 cni-> region in 
inbititnted monoepcllc aromatic eompeondi. 
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interfering overtone, e.g., the overtone of the 910 fundamental in aty- 
rene (see page 175), is generally readily recognizable and does not interfere with 
the analysis. In the case of monosnbstitoted fluoro compounds, etheia, or 
nitnHiompounds, the pattern of the region changes appreciably; however, 
it does not become similar to that of other types of substitution and does not 
lead to confusion. 


In order to use efficiently the 1660—2000 cm~* region, it is recommended 
that each laboratory record t^ characteristic patterns of various substitution 
types with its own equipment. 

g. CH vibntfanu to side dmiiu of al^lbennnes. CH stretching vibra- 
tions of methyl and methylene groups in side chains occur at normal alkane 
frequencies. An exception is the CH, group directly attached to the aromatic 

ring. The frequency of the asym- 
Tatie lUU SetaioM (em-i) Id nielrical stretching mode is 

30—40 cm"* lower than in al- 
kanes; the frequency of the 
■iymmetrical stitching is low- 
ered by 7-10 cm-^ [222]. 
vCH frequencies of CH, and 
CH, groups lor a number of 
nlkylbenzenes are shown in 
Table IT-52. 


Gompomiil 

vCHi lym vGHi uym 

vCH, 

Tolaene 

3M7 

2019 


iKlCiffcnc 

2851 

2919 


m-XgUne 

2856 

2916 


p^Xglm 

2865 

2916 


Bthylbeiuene 

2880 

2968 

2030 

liopropylbenzene 

2864 

297] 

2923 

Tarf-Butylbenzene 

2870 

2962 



2 . Polyeyelie Aromatic Hydrocarbons 

The large number of polycyclic aromatic hydrocarbons precludes their 
treatment as a single clas.s. The relationships established in .studies of spectra 
of monocyclic compounds cannot be extrapolated to the polycyclic ones because 
of the complexity and diversity of their structure. UV spectra were studied 
more extensively than IR. They provide reliable criteria for the characteri- 
zation of the condensed systems and of some particular structural aspects. 

Some characteristic band.s do appear, however, in the infrared in the 
regions 3000- 3100 cm"*, 1500—1600 cm"*, and 650 —900 cm"* [253]. Spectra 
of some typical polycyclic hydrocarbons are shown in Fig. II-5i. 

The characteristic pattern of the deformation mode region at 650—900 cm"* 
should be pointed out. The number of bands varies with the structure of the 
hydrocarbon [251, 253]. Naphthalene [255] has a strong band at 780 cm"*. 
Anthracene with three linearly condensed rings has two strong bands, 725 
and 880 cm"* [256-258]. Phenanthrene also has two bands, 735 cm"* and 
810 cm-*. 

In a number of compounds with a l,2^benzantliracene skeleton (/Id) 
a constant band at 890 cm"* is observed. It is considered to be characteristic 
for compounds with an central anthracene skeleton (by analogy with the 
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875 em"* seqnenee in l,2,445*tetnaiibiUtnted bnnsenes). 1,2,3,4-Dibena- 
nnthtaocnc (^^5)^ If2|5j6^ibmfftnihrnc6n6 (H5)i nnd If2j6t7*dibnnz' 
antbraeene {Ilf) with a central anthracene skeleton, all have a band at 
890 001*^. This absorption does not occur in polycondensed aromatic systems 
which do not have an anthracene skeleton (e.g, chrysene, 1, 2, 5, O-dibenzo* 





phenanthrene, and 1,2- and 3,4-benzofluorene). 9, lO-Dihydrophenanthrene, 
with a weak absorption at this frequency [253, 259, 260], is an exception. 

In a series of methylnaphthalenes [261—263] infrared spectra were used 
for identification of the compounds. The outrof-plane deformation frequency 
yCH in «- and p-monosubstituted naphthalenes with electron-donating or 
electron-attracting substituents does not show any variations [264], Rela- 
tionships have been established between ring frequencies and the degree and 
type of substitution [261], 

The pattern of the 650—1000 cm~^ region in spectra of compounds sub- 
stituted with alkyl groups suggest, as in the case of monocyclic hydrocarbons, 
the existence of a relationship beWeen the number and position of bands and 
the number and position of hydrogen atoms attached to the ring. However, 
the existing evidence is not sufficient to confirm this hypothesis [253, 
259-261]. 


3. CompoaiidB with triphenylmetliane skeleton 

Investigation of compounds containing the (CfH 5 )gC group has shown 
the constant appearance of a medium intensity band at 1179—1190 cm~^ 
and of a weak band at 1270—1290 cm~^ [267-269], These absorptions were 
assigned to stretching vihrations of the C— C|H| band by analogy with the 
bymmetrical (in-phase) and asymmetrical (out-of-phase) stretehing vibrations 
of the C(CHs)a groups [270]. The frequencies of these bands are shown in Table 
11-53. (GgH|),C— D shows bands at 1191 cm~* and 1283 cm~^ [271]. 

In fe/f-bntyl halides the frequency of the first band decreases by 50— 
70 cm*^ cf. the corresponding hydrocarbons; the frequency of the second bond 
decreases by 10—20 cm"^. In (CgH|))C— Cl no such shifts are observed. In 
the spectrum of (CgH,),C— C(C,Hjg the band at 1280 cm*^ could not be ident- 
ified [269]. The vC— C,Hg band position is influenced by the solvent [272]. 
The 1179—1190 cm~^ can be considered characteristic. The absence of this band 
shows that the molecule does not contain the CgHg— C group. 
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If-"’ 


Lnuipoimul 

f 

A 


CiH, C,H, 



tm ^ 

cm * 


(CA)fi‘OH 

(cjW-ci 

(C|H|)|C— CH| 

(C,H,),C-CH.C1 

(C,H,),C-C0C1 

(C|H(),G-CH,-CH|CI 

(P,H,),c-(ciy*ci 


1184 

1380 

1170 

1270 

1184 

1284 

1184 

1282 

1185 

1280 

1100 

1278 

1187 

1273 

1186 

1282 

use 

1280 

use 

1272 


D. ORGANIC CATIONS 

1. Carbonium ions 


Garbonium ions have a carbon atom with sp* hybridization and a vacant 
p orbital (Fig. 11-55). According to quantum mechanical theory such ions 
are planar. For some simple alkylcarbonium ions, the nor- 
mal vibration modes have been calculated [273, 274] and 
frequencies were assigned. In ferf-butyl (US), ferf-amyl 
(U9), isopropyl (J20) carbonium ions, and the correspond- 
ing perdeuterated derivatives, the infrared absorption 
bands correspond to those calculated for a planar model, pig, ii.4i6 Tertiary 
The /erf-butyl cation has a C« symmetry (US a), and nrOoninm Ion. 
the isopropyl cation has Qif symmetry (ISO a). 




H H H 


tm) 



11 


I 

c+ 



(IM) 
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The ipectra arm recorded in exoeu ShPi. Hw complex S^C^SbFf «as 
obtained in the following way: 

R,CF+CF,^:2R,C+Sl>Fr. 

The assignment of bands in spectra of ferf-butyl and perdeuterofeif- 
i)utyl-hexafluoroantimonate8 ere shown in Table II<M. 

Tabu IhSi nre«MMl« vl ihs eattea la (Gj^iG+ShP; aaS (G1V1,G+ SbFi fin] 


RrmpieiiclAia 

(CIUC+ 

(CDtliCt- 


28301 

2062 a 

CH| strecUag mode 

25001V 


coi&bliiBtloii mode (Vb+^) 

1465 u> 

1050 ow 

CI^ defonaatloa au>de 

12Nn 

1330 a 

asym C— C— G itietcUag mode 

1070 m 


ia-plaae rocking dV 

M2 aiio 


in-plaac rocking CH^r 

1300 overlap 

955 a 

CI^ deformation mode 


The vCH frequency is unusually low while the frequency of the asym* 
metrical skeletal vibration is unusually high. These characteristics were 
partly attributed to resonance (structures {tZl)) which results in u lowering 
of the C— H bond force constant and an increase in bond strength of the C— C 
bond [273]. 


H H 



\/ 



CH, 

C H+ 

UI, 

CH, 

1+ 

C 

C If 

H C 

n/f \h, 

n,c^ \h, 

h.c/Y 

\/\ 

C CH, 



hA 

l(^H+ 


For the isopropyl cation in (CH,),CH'''SbF^, the assignments of frequen- 
cies are shown in Table 11-55. 


7aM( II‘li il lha liopNaTl ntlaa la 

(CIU,CH->-8bFr oai (GDb)iGR''’BbF,- [273] 


noqom 

bIMi 


((au,CH+ 

(CDJ,CD-*- 

AaalgnnMDtB 

2780* 

2013 a 

CI^ stretching modes 

1490 f 

930 a 

CH la-plane dMormatlon modes 

1200 f 

1175 w 
040*0 

1373 a 

asym C— C— C itietehlng modes 
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Is th« tricyelopropyl cailwaiiun ion (I2S), obtained (irom tricyoloiR'opyl 
oarbinol and oonoentrated sulfuric acid, the characteristic vibrations give 
rise to strong absorptions at 837, 1279, and 1445 cm*^ [275]. 

V V 

>-C-OH >-Cr 

I I 

(JSI) 

Alkenyl catiom formed in reactions of dienes with sulfuric acid contain 
the conjngated allylic system 


-C-C-C-C-+H+ — 

The spectrum of the carbonium ion formed on treatment of the mixture 
of dienes (123) and (224) with concentrated sulfuric acid shows a single strong 
hand at 1533 cm*^ assi^ed to the unsaturated system in (125). 


+ 


(^*s) (Itl) 


H,C CH, 




The absorption occurs at a position intermediate between the frequency 
of a simple C— C bond and that of a C=C double bond. The intensity of the 
band is about ten-fold that of conjugated double bonds. 

The main contribution of the allylic structure (127) in protonated tt, 
p-unsaturated ketones has been demonstrated in the case of 4-methyl-3-pen- 
tenone-2. H'*' (126) by the existence of a strong absorption at 1540 cm^ [276], 
corresponding to the alkenyl cation (1533 cm~^). 


H,c 

\ 

^C-CH-C-CH, 

H,C .J_H 

+ 

(tie) 


H,c. — 

>C-.rn-t -TH* 

H.c 1 

0-H 

(i»r) 


^ n 

Cl 

(iU) 


A second band, occuring at 1595 cm~^ in protonated ketones has also been 
assigned to the stretching vibration of the allylic system, although absorptions 
between 1590—1610 cm~^ also occur in other protonated ketones, including 
acetone, dicyclopropyikctone, etc [276], 

The spectrum of the stable trichlorocyclopropenyl cation (123) (isolated 
as C,Cl/AlClf and C,C1^ SbCV) with trigonal symmetry shows three 
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abaorptioD bands, at 1350, 1515, and 731 cm*^ In C|Cl^ AICI4 and 1348, 1313, 
and 735 em*^ in CXlit' SbCI*. A fourth band ooonrring at 482 em*^ Is obiarved 
only in the complex with AIG1|. Ibis band Is assisted to the anion AICI7 
(481 cm*^) t277J. 

2. Osoearhonlniii {UBS 

Structures of intermediate complexes foimed from acid chlorides and 
Piriedel-Crafta catalysts (AlCl^ BF|, FeCl„ SnCli, SbClg, ZnClg) have been 
investigated by a variety of spectroscopic methods, including infrared spectro- 
scopy. The presence of two functional groups in acid halides (the C^O group 
and the Cl atom) suggested several possibilities for the structure of the inter- 
mediate [27B]. 

In the complex between GHgCOGl and AlGlg, two structural types have 
been considered: ion pairs [CH|GO-|-] [AlGlg ] and donor-acceptor complexes 
with polarised covalent bonds on oxygen. 

3 + 4 - 4 + 4 - 

CH|— CobO’ ■ -AlGl, or, less likely, on chlorine CHg— C— Cl> ■ >A1C1| {279]. 

I II 

a 0 

Study of infrared spectra of the system CH|GOGl * AlClg showed the 
existence of both types of intermediates: donor-acceptor complex in solvents 
of low dielectric constant and ion pairs in solvents of high dielectric constant 
or in the solid state [279]. In acetyl chloride CHaCOCl the stretching vibra- 
tion of the C=0 bond has a frequency of 1807 cm"* [280]. In the liquid com- 
plex CH|COCl ‘ AlCIg, the vCO frequency is 1637 cm~*, 170 cm*^ lower. This 
proves the existence of a carbonyl group perturbed by the formation of a donor- 
4+ 4— 

acceptor bond R— C=0' • ‘AiCli. Shifts in the same direction, but slightly 
Cl 

smaller (125 cm*^) also have been observed in complexes of ketones with 
AlClgi for example, in the complex of benzophenone with AICI 3 [129), the 
vCaiO falls from 1650 cm*^ in [IM) to 1525 cm*^ [281]. 



CA 

^-0...A1C4 

0 

A 

CA 


1525 enri 

1650 cm-i 

(itti 

{ItV) 


In the infrared spectrum of the ionized complex [CH|CO'''] [A1GI|~] for- 
med in the reaction 

CH,C0C1+AIC1, [CH^]+[AlCy-. 

the strong bands at 2307 cm~* and 2203 cm*^ were assigned to the acylonium 
ion [280]. The increased frequency of the GaO group cf. normal ketones was 
explained by the increase in bond order of the caibon — oxygen bond doe to the 



hydrocarbons m 

poiitive eharge. Ibe observed frequency coircBponds to tbe resonancft atnie* 
tares {181) and (18g). 

+ .. + 

Cll^-CaO: '*— »• CH,-CS0: 

(J4J) (J4*) 

The frequency 2300 cm~^ was assigned to this band [280J. The origin of 
the band arising at 2203 cm*^ is less certain; it was assigned to complenes 

CH,-C=0 •■■[Cl-AlCl,ror «!,-€= 0- ■ • tAlCl,]Cl- In the case of the 
complex CH 3 GOCI • GaClg, reverse assignments were proposed [282]. 

The structure of the complex depends on the nature ol the acid halides 
and the Lewis acid. Studies of infrared spectia of solid complexes have shown 
that the formation of a crystalline complex does not prove the existence of an 
acylonium ion. In the system CH,COF • BFg at low temperature, the ionized 
complex GH,CO''’BFT predominantly formed, with a strong band at 2300 
cm*^ [283, 284]. In many complexes of acetyl, propionyl, and benzoyl fluor- 
ides with BFg, SbFg, AsFg, the bands in the C-=0 donor'BCceptor region are 
practically absent, and strong absorptions occur at ra. 2300 cm**^ [283]. These 
romplexes are thought to have predominantly an acylonium ion structure 
Table 11-56). 


Table ll-St Charaeterlitle treqaenelas la eomplezM RCOF'*' Lewis aelds, eni~* [283] 


Compoiiiid 

vC«0 

vCH/:o + 

vC-F 

GH,GOF 

1848 as 


826,809 a 

CHgCO+BFJ 

1619 m 1560 w 

2229 vs 

— 

CH,CO+SbIY 

1621 1554 5 

2294 mt 

— 

CHjCO+ArfT 

1620 w 1558 w 

2302 ra 

— 

CH,CH,COF 

1845 Ds 

- 

805 A 

CHgCHgCO+SbFT 

1610 m 

2290 vs 

— 

CH,CH,CO+AsFt 

C^H,COF 

1606 w 

1812 n 

2289 ra 

1020h 

C^HgCO+SbFt 

1531 m 

2212 ra 

— 

CiHgCO+ArfY 

1546171 

2228 ra 

— 


Infrared absorptions have shown that in complexes GHgGOCl*SbGl 
ionized species GH,GO'*'SbGlg~ are predominant, while complexes of propiong 
yl chloride GH,GHgGOGl • SbGlg {18$) and benzoyl chloride G,H,G0G1 • SbGl- 
{18i) are mainly of the donor-acceptor type [283]. 

8 + 8 - 8 + 8 - 
CIlg-CI4g-C*0 > SbCl, and C^Ilf-C-O > SbCl, 

dl 

(1SS) (134) 

It ^as shown that in many 1:1 complexes of acetyl chloride with Lewis 
acidSi both forms are present [283—288]. In the complex CH,COGl*TiCl 4 « 
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Table Il-tr 


the vGarO frequency of acetyl chloride falls from 1802 cmT* to 1620 
(AvsslSO cm"^), and in propionyl chloride, from 1780*1840 cm*^ to 1650 cm*^. 
The calculated force constants fit the assigned structures. The G-halogen band 

disappears on complex formation. 

The fnqamey of the GlI, group. The 
vClI, frequency decreases due to the 
ionic structure of the molecule [274], vG[l 3 
frequencies in acetyl chloride and in its 
complexes urith aluminium rhloride are 
shown in Table 11-57. 


VUmtlim 

CHgCoa 

Complex 
with Aia, 

vCM^aaym 

3012 

2941 

vCSH|aym 

2960 

2874 
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CHAPTER 2 

HALOGEN COMPOUNDS 


Mono* and polyhalogenated compounds are formally derived from bydrocar. 
bons, by substitution of one or several hydrogen atoms with fluorine, chlorine, 
bromide, or iodine. 

Compared to C— II bonds, C— X bonds (X=F, Cl, Br, I) have much 
lower fre^encies because of increased reduced masses of the atoms and decrea- 
sed force constants. 

The frequency of stretrhing vibrations vC— Cl, vC— Br, and vC— I lies 
in the range 500—800 cm*^. The C— F bond is an exception, its vibrations 
occurring at 1000—1400 cm~^. The approximate limits are 

kC-F vC-Cl vC-Br vC-1 

1000—1400 enr^ 600—800 ciii~^ 500—600 cm"* <500 cm'^ 

The C— X frequency decreases with increasing atomic mass of the halogen. 

In chlorinated compounds the position of absorption bands varies within 
a relatively large range. This range is narrower in bromides and even more 
so in iodides. In fluorides the variations are particularly large. Fluorides 
differ from the other halides by their chemical properties as well. 

C— X deformation vibrations have very low frequencies. Absorption bands 
occur in a region less accessible to usual techniques and have not been suffi- 
ciently studied. The electronegativity of the halogen atoms and the presence 
of unshared electrons make the C— X bond murh more sensitive to structural and 
medium changes. For the same reason halogen atoms have a strong influence 
on the vibrations of adjacent bonds in the molecule. 

The existence of very simple and accurate methods for the determination 
of halogens in organic compounds, along with the fact that vibrations of C— X 
bonds are less characteristic than those of other functional groups, confines 
the infrared spectroscopy of this class of compounds to problems of molecular 
structure. 


1. Haloalkanea 

The lower members of the homologous series of halogenated alkanes have 
been subjected to a great number of theoretical studies [1]. Most extensively 
investigated was methyl chloride; methyl fluoride, bromide, and iodide 
and their perdeutero derivatives have been less studied. As expected, the 
spectra of these compounds are very similar to that of methyl chloride. 
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Metfliyl chloride CHgCl belongs to the point group €«« and has six nomud 
vibration modes (Fig. lI<-56 and Table II*5B). All are active in Ra^n and 
the infrared. Three modes are totally sj^metrical (Ai), and three are doidtiy 
degenerate (£). Any other, less symmetrical model would have nine fundamen- 
tal vibrations active in the infrared. Totally symmetrical vibrations y|, V|, 



Fig. II-S6 Normal vibration modn of the methyl chloride 
molecule (point group Cj,), 


and V) give rise to parallel bands, while the doubly degenerate vibrations give 
rise to perpendicular bands (see page 104). The infrared spectrum shows four 
strong parallel bands, but it is very likely that absorptions at 2878.8 cm"^ 
and 29G6.2 are components of a doublet due to a Fermi resonance invol- 
ving the first overtone of the 1453.2 cm"* band. In this case the doublet cor- 


Tablf IJ-SS Fundamental freqnenelea in GH,a (vapor) [1] 


F^quency 

Vibration 

Species 

Vibration type 

732 1 II (IIS) 

vj 


vC-Cl 

1015.0 1 (m) 

V| 

E 


1354.9 II (&) 

Vg 

Ay 


1454.6 1 (in) 

Vg 

E 


2966 2 II (PS) 

Vj 


v(31 

3011.8 1 (6) 

Vg 

E 



responds to a single fundamental frequency. With this a.ssumption all combi- 
nation bands in the methyl chloride spectrum can be explained [1 ]. 

Comparing the fundamental vibrations of the four methyl halides, one 
can observe that the vj vibration frequency decreases going from CHgF to CH|I. 


INrRARED SPECTRA OF ORGANIC COMPOUNDS 


tm 


Thii sfaoNi that the (vC— X) anignment is correct. The force constant of the 
bond decreases in the same order (see Table II>69). 


reSN liSi Vlteatlim frafotMlM aad IweB wastaBii el C-X honli p] 


Hkllda 

CH,-F 

CHi-a 

CH.-Br 

CH.^1 

vcnr* 


710 

595 

525 

k’ 10^ dyncm 

■Bfl 

3.12 

2.62 

2.16 


Fundamental vibrations in polychlorinated derivatives of methane 
(methylene chloride GH,C1„ ehloroform CHCI|. and raibon tetrachloride 
CGI 4 ) have also been identified [ 1 ]. l, 2 -Dihalocthane 8 and l,l> 2 , 2 .-tetra- 
haloethanes are classical examples of molecules where conformational iso- 
merism has been pointed out by means of spectral analysis [3—8], Theoreti- 
cally, in 1 , 2 -dichIoro- and 1 , 2 -dibromoeihane, restricted rotation about 
the G— G bond should give rise to three eclipsed conformations (one spn-Ciy 
and two equivalent anfi-C|) [9J (Fig. 11-57). 



Fig. 11-57 Goiifoinial lulls uf rlKhloniLlhiim*; 

(a) Dclipsod; (b) blsiftgcioil. 


Being enantiomers, tlic anti-forms have identical sjiectra. In these forms 
all vibrational modes are active both in the infrared and in llaman. In the 
eclipsed spn-conformation with Ct. symmetry, coincidences for .ill vibrations 
but those of the Ag class are allowed. Fur the staggered anti-conformation 
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with On symmetry, the mntnel exeloiion rule forbidding all ooioeidenoes 
is applicable. Tbe staggered sgn forms are enantiomers. Studies of infirared 
spectra at different temperatures have shown that at low temperatures the 
staggered anti form is stable, while at normal temperature a mixture of stag- 
gered onfi andsgn forms are present. In l.S-dichloroethane the staggered 
onff conformation (Gih) was 

assigned the 1291 cm“^ band 

and the syn form (Ci) was f j ^ u 

assigned the 12^ cm~^ / \ i' 

band. Studies of intensity V'.../ | f 

variations of these bands ^ ' If 

with temperature lead to | ^ ' If 

the conclusion that at nor- ; 

mal temperature the liquid ■ '' I 

mixture contains ca. 70% | 

anti isomer [4] (Fig. 11-58). . jy 

C-Hal stretching vibra- 1/ ^ 

tion. Comparative studies 

of infrared spectra of pri- fjso rm f2S0 itUwr 

mary, secondary, and tertia- 
ry alkyl halides have shown Fl«. ri-«8 Temperature dependence of thentio «»r confor- 
j /u r t iu' matlonal isomrn tndichloroethBne.Solid line — the ipeo- 

that the frequency of this trum at 151-C; dotted line -the speclnimnt 25.6 •C[4Ie 
vibration dependsS on the 

structure of the carbon atom »!., . .v .. v ^ ^ a 

atUched to the h.Iog.n [lO] 

(Table 11-60). 

ITie C-X frequencies Aikyiuaiide x- am 

of methyl halides arc 25—55 

cm"^ higher than tho.se of CH,CH,— X 656 560 500 

ethyl halides. The different k 

behavior of the first member ^h-x 615 536 405 

of the series is also common CH| 
ill other functional groups. 

In the series ethyl, isopro- cil,— C— X 570 514 460 

pyl, and ferf-butyl halides, / 

the frequency decreases by cn, 

8G cm"* in chlorides, 46 cm"* ' 

in bromides, and 10 cm"* in iodides. The vibration of the C— X bond is com- 
plicated, being strongly influenced by the molecular structure adjacent to 
the bond. In this class of compounds, it was difficult to establish reliable 
relationships between molecular structure and frequencies of the carbon-halo- 
gen bond because spectra of higher alkyl halides are complicated by interac- 
tions of C— X vibrations with vibrations arising from the rest of the mole- 
cule. A further complication is the increased number of bands due to confer* 
mational isomers. 


CI4,CH|-X 

CII, 


ViXla 

^H-X 

CH, 

CH- 

\ 

CII,— c-x 



tts infrared spectra of organic compounds 

In some alkyl halides with mote than two carbon atoms, a doubling of 
bands in the C— X stretching mode region was observed. From the very begin- 
ning the phenomenon was assigned to the existence of two or several confor* 
mational isomers [11, 12]. Recent systematic studies of many primary, 
secondary, and tertiary alkyl chlorides enabled the establishment of a reliable 
relationship between the absorption of C— Cl bonds and the stereochemistry 
of these compounds [13]. 

In primary alkyl chlorides, as a result of free rotation about the G—G 
bond lining ^e GHgGi group to the rest of the chain, three conformational 
isomers are possible. Two are enantiomers and cannot be distinguished spectro- 
scopically. Distinct C— Cl bands will thus exist only for two isomeric forms. 

In Figs. 11-59— 11-61 primary, secondary, and tertiary chlorides have 
been labeled P, S and T, respectively [14]. The subscript H corresponds to 
the conformation in which the chlorine atom is trcuis to a hydrogen atom and 
subscript C represents a chlorine atom Irons to a carbon atom. 

Ethyl chloride exists in a single conformation Pjf (Fig. 11-59). The 
infrared spectrum shows a single vG— Cl band at 657 cm~i. Neopentyl chloride 
exists only in the Po conformation. Its spectrum shows a single vC— Cl 
band at 723 cm*^. Isobutyl chloride with a CH, group in the a-position to 
the chlorine atom is a typical case in wliirh one Pg conformation and two 
enantiomeric Pc conformations can occur. Consequently, two bands will 
arise in the infrared spectrum. The 730 cm~’ band is assigned to the Pq con- 
formation (by analogy with siiaight chain primary alkyl chlorides). The 
second band arises at 686 enr^, 35 cm~^ higher than in a normal Pg con- 



Flg. 11-59 Cviiformations of l-chlorobulane [13]. 


formation. The shifting of the band towards higher frequencies is observed 
in other alkyl chlorides branched at the a-position and is considered to be 
characteristic for this structure. This conformation is labeled Pg to be dis- 
tinguished from the Pii conformation, possible only in molecules with at 



HALOGEN COMPOUNDS 


m 


least one GHg grout> between the CH|C 1 group and the rest of the moleeule 
(see Table II- 61 ). 

Table H’U vG— a tneeanelM la frtauuT elkyl 
eUaridM (sm*!) [19] 


Chloride 


CH,-CH,a 

aucH^ci 

CH,(C1^1 

CH^GH,)«C1 (n-4 ... 6.1S) 

CH,(CH,)|CH(CXg-CH,Cl 

CH,CH,-CH-CH,C1 

{|1h,),-CH, 

(CM,),CH-CH,-CH,C1 

C1(CHi)4C1 

C1(CH,),C1 




Pc 

p'b 

pii 


_ 

657 « 

723 j 



730 « 
730 

686 « 

648 

730 

i- 

649 

727 


648-650 

731 

727 

670 


728 

681 

— 

728 


653 

731 

— 

649 

736 

— 

646 


Thus, in primary alkyl chlorides with the CHgCl group attached to a 
CHj group, the characteristic C— Cl bands arise at 648 cm~^ and 730 cm"^. 
They correspond to the conformations Pg and Pp. In primary alkyl chlor^ 
ides' ,’itli ^e ClljCl group attached to a carbon atom linked in turn to 
wo otl er carbons and a hydrogen atom, the absorption at 660 cm~^ is assigned 
to the P'g conformation and that at 730 cm~t, to the Pp conformation. 

In secondary chlorides the situation is more complicated. In this case 
one must consider conformations resulting from rotation about two neigh- 
boring C— C bonds adjacent to the C— Cl bond. The notations are Sgg, Soa> 
Sihh [13, 14] (Fig. 11-60), and Spp. 

In the following four secondary chlorides only one conformation is pos- 
sible: 


Cll, 

CIl, 

(«») 


CH,C1 

I I 

cnj— c— CH— cii, 

CIlj 

(/30) 


CIL Cl cii, 

I I I 

CIL- C-Cll— C— CHj 
ciij CIL 

(137) 


Cl 

I 

CIL— CH-ciL— cn,. 

(m 

2-Chloropropane (135) exists only in the Sgg conformation. Its spectrum 
shows a single band at 611 cm"^ in the C— Cl stretching mode region, A band 
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arilisg at 608—612 em'^ in secondaiy halides can thus be assigned to the 
SsB conformation (Fig> 11-60 and Table 11-62) • 

2,2‘Dimethyl-S-Ghlorobutane (180) can exist only in the Sqs conforma- 
tion ^ig. 11-60). 'fhe spectrum (Aows two bands in tiie C— Cl region, at 



Fig. 11'60 ConfornutMiu of 2-chlorobuUne [13]. 


730 cm"^ and 667 cm~^. It has been observed that a number of halides capable 
of existing in the Scb conformation have bands in the range 655 —672 cm~^. 
The latter absorption is assigned to the Sen conformation, llie band at 
730 cm*^ does not arise from a C— Cl vibration. 3-Chloro-2,2,4,4-tetramethyl- 
pentane {1ST) exists only in the See conformation which is assigned the band 
at 758 cm*^. The neighboring band at 733 cm~^ does not have an exact as- 
signment. It is assumed that it arises from the vibration of the butyl group 

adjacent to the^CHCl group. 2-Chlorobutane (13S) has three bands: 671, 

628, and 609 rm'^ and ran occur in three conformations: Ses, S^g, and 
(Fig. 11-60). 

The 671 cm"^ band is assigned to the conformation Sen ^nd the band at 
ca. 609 cm"^ to the conformation Sffg. The 628 cm"^ band (5 hb) occurs in 
higher homologs as well; sometimes it is overlapped or appears only as a 
shoulder. This band is much clearer in bromides jlSj. In tertiary chlorides 
(Table 11-63) assignments are less certain. They can form four conformational 
isomers occurring from rotation about the C— C bond adjacent to the C— Cl 
bond. feri-Butyl chloride (289) has a single conformation T^gg absorbing at 
669 cm~^. 2-Chloro-2-methylbutane (140) has two conformational isomers 
Tggg and Tegg (Fig. 11-61). The spectrum of this compound shows two 
strong bands, ca. 560 cm**^ and 620 cm*^. 


CH, 

(MS) 


Cll, 

CIV-CH«— C— Cl 
i:h, 

( 140 ) 
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ZMIv li’M vC«CI tnkfMoilHr Mr* la Nantoy alkfl dilirllM {IS] 




CoafttniBUoii (Flfl|. 


ifaUdtf 

Sec 

Scir 

^BB 

■ShH 

Cl 

1 

CIV-CH-CII, 


. 


6111 

Cl 

1 

(CH,),C-C1I— CIl, 


C()7 



Cl 

1 

(CH,),C— CH— C(C1I,), 

758 


_ 

. 

Cl 

cii,-(:ii-cii,— r.H, 


671 m 

628 m 

609 9 

Cl 

1 

cn,-cii-(CH,),-cii| 


670 m 


612 1 

Cl 

1 

(.I1,-CH-(CII,),-CII, 


()72 m 


on ( 

Cl Cl 

1 1 

CH,-C11— CIl,— Cll,- Cll— ClI, 


678 171 

627 

600 ( 

Cl 

1 

Cl 1,— Cl I,— Cl 1 -Cll,— Cl 1, 

7111 m 

667 655171 

628 

60»s 

Cl 

1 

Cl 1,-CHj-Cl !— (CH,),-GH, 

753 m* 

663 m 

637 m 

608 m 

1 

CH»-(CI1,),-GI1— (CH,),— CH, 

733 m* 

662 m 

635 m 

610 m 

* OverlApped with YClI^r 






The 560 cnr* band is assigned to the confunnatiun Tgjig by analogy with 
Irri’buLyl chloride, and the 620 cm'** band, to the conformation TcbB' 

In other possible conformations, tertiary chlorides absorb at 500—550 cm"* 
and 700—750 cm~*. The assignment of these bands is difficult. 

Regions of characteristir absorptions in primaiy, secondary, and tertiary 
alkyl chlorides in various conformations are shown in Table 11-64. 

In the homologous series of alkyl bromides, starting with ethyl bromide, 
two bands are observed in the C -Br region. They are assigned to conforma- 
tional isomers present at eifuilibrium [12]. Although ethyl, isopropyl, and 
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Pa({f /I'll vGaCl toiMMlM [mr*) to ttrttvjr ttofl «UwIIh (13J 


Halide 


ConfomiAtliia 


UDMlgllMl 

'^CHH I'HHH 

Umtiflgiied 

CH, 

CHi-k-Cl 

L, 

CH, 

1 

CIL-CH,-C-C1 


369 



620 560 


1 

CH, 

CH, 

1 

CH,(CII,),— C^Cl 

746 

632 572 


CH, 

CIl, CH, 

1 1 

CH,--C— C~C1 

1 1 

743 

6tl 560 

508 

1 1 

H CH, 

CH, 

1 

CH,(CHJ,-C-CI 

CH, 

734 

6J7 f)70 

540 







Fig. n-01 Conlormatlon of tertiary Alorldei [13]< 
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TaUt «C«a l« Mlkyl cUmMm (13] 


P rtnary aBiyl dthaldw Seeondary aUtyl eblorUUi Tertiary alkyl alilnrldHi 

Coniormatioa Rrequeney cm~‘ Confprinalloii Frequeasy eia~* GonbrntaUMi naquUMV an'* 


Pb 

648--657 

Shh 

608-617 

Thru 

560-581 

^Jf 

679-686 

^’hu 

627-637 



Pc 

723-730 

SCH 

655-674 

Tvhb 

611 -632 



Sec 

758 




/ert-butyl bromides 
have a single type 
of conformation, the 
vC -Br region of the 
corresponding spec- 
tra shows, two bands 
(sec Table 11-65). 
The additional ab- 
sorption arises from 
other causes. The 
most eorrecl expla- 
nation is probable 
a Fermi re.sonaiicr. 
Alkyl iodides have 
been studied less. 
They absorb around 
500 cm-i 116]. 

In phenylethyl 
bromide C(H|— CH} 
-CH(Brand 1-phen- 
yl - 3 - bromopropane 


Table II- tS Ghaneterlsile vG— Br trefinwlM In alkyl 
bfomldN [7, 12] 


Halide 


Fraqueocy 
the vG-Or 


region, cm*** 


CIl,-CH,-Br 

681 

565 

One posbible 

conformt- 



» j 

tion 


CH,-CH,-CIL-Br 

647 

567 



CH,(CH,),-Br 

645 

564 



CH, 





Vll -Br 

678 

543 

One poBsibli^ 

conlorma- 

CII. 

CH, 



lion 



653 

622 



CH, 





CH, 





^H-CH,-r,H,-Br 

650 

566 



CII, 

(ai,),-C-Br 

670 

517 

One possible 

conforma* 




tion 



C,Hj— CHj— CH|— CH,— Br, there is a possibility of free rotation of the 
chain, as well as a possibility of an interaction between the halogen atom 
iiiid the benzene ring [12]. Phenylethyl bromide absorbs at 544 cm~^ and 649 cm*^ 
and pheiiylpropyl bromide at 563 cm“^ and 652 cm~^. Benzyl bromide has a 
single band at 550 cin~’. 


2. Haloeycloalkanes 

In cyelonlkyl halides the halogen atom run be axia/ or equatorial. The 
Iwo conformations have different C-hal frequencies. In Table 11-66 ore shown 
frequencies of the three nionohalncyclohexanes [17]. 

In rhlorocyclohexane in the liquid state, there is a dynamic equilibrium 
between conformations with an equatorial halogen and those W'ith an axial 
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halogen atom due to the easy intervon version of the two forms. The two con* 
fonnational isomers also coexist in the vapor phase. The infrared spectrum 
shows two bands. In the crj'stalline state the 6S8 rmT^ band disappears. This 

shows that in the crystalline state the 
Tabu n-»a vC-X b«vinFiw (eaH) molecule exists in a single conformation 
•I bilaeyBMMmiM In the llfuia itita |1B], 

EquAtgrtai bond Azki Jiond These remarks are confirmed by slu- 

dies in the steroid series, where the confer- 
r~ -' / motions of C-Ilol bonds have been estah- 

*“ lished also by other means [19]. The fact 

*”1 X equatorial bonds have higher frequen- 

cies than axial ones is currently used in 
■ ronforniotional analysis [19a; 19i]. Also, 

*'* the inten.sity of bands is higher [17]. In 

**** 1, 2-dihalocyclohcxanes [20], the two cis 

— f jijjj stereoisomers can have either 

equatorial (e) or axial (a) halogen atoms. 
The cis isomers can exist only in a single conformation, a, e [20, 21]. In the tram 
isomer, a, n, and e, e conformations are also possible. Spectroscopic .studies 
of 1, 2-dichlorocyclohexauc have shown that the irons isomer in solution or 
in the liquid state contains both isomers in dynamic equilibrium; la, 2o# 
le, 2e. In the solid state there is a single conformatiun: le, 2e. 

eis-lrans-Stereoisomers of 1, 2'dichlorobutatie have vC— Cl frequeneies 
at 680 cm"* {141) and 687 enr* {142), respectively (Fig. Il-62a, b), cis-l, 2- 
Dibromocyclobulane {14S) absorbs at 626 rin"‘ and fram-l , 2-dibromnrj’clo- 
butanc {144), at 631 cm"* [22]. 



Eqiifttorlal bond Axial bond 

X- 


;:7 

Cl 

742 

688 

Br 

685 

638 

I 

654 

639 




/ 


^ 

-i, " 


In ris-S, 4-dichlorocyclobutene {145), the frequency of the vC— C.l band 
is 603 cm"* [23] (Fig. II-62c). 

n n 


rrr rv-o 

• 1,1 r 

(M7) 




/-V 




CO.(’Hj 


fran5-7,8-DichIorobi(yclo [4.2.0] orladieue-2,4 (idd) absorbs at 740 cm"* [23,21]. 
In adducts of isomeric efa- and h (1/15-7,8 dichloro [4.2.0] octadiene-2, 1 




Fi({. 11-62 Infrared spectra nf kume dlchlorocyclobiitancs (liquid film): 

(u) Iniiis-liS-dichlururycloliulanri (b) ii<*l,2' dirliluiunclubulane; (r) ci>-3,l>(llclilorocyclol)ulene- 


3. Unsaluratcd lialides 

In unsuturaled romiiunnds '^A'llh haluguii atomti attached to one of the 
carbons of the double bond (vinyl halogen), the C-lIal freiiuencies are higher 
than in analogous saturated compounds (see Table 11-67). In 1-chlorocyclo- 
hoxene the vC-Cl frequency is 7.10 pm“’ and in l-bromocycloliexene, 716 cm“» 
(26]. In l,2-dihalocyclolu‘xenc8 both vC— X vibrations are active in the 
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TaHt l/'ir vC«-X iNviaaalti Ib vtaiyl halliH 195] 


Vinyl iMlIda 

CH,>CH-CI 

CH,«CH-Br 

CIL-CH-I 


C-X FnqnusiMi 


EtbylhaUdM 

CH,-CI1|-C1 


C~X ItnaiUBBlni 


infrared. The asymmetrical stretching vibration has a higher frequency than 
the symmetrical one [26] (see Table 11-68). 

Tabu 1I‘II vC-X tNVUUBlu (cm.’) la dlhaloejraloluxanM [26] 


Compound 


vC— X uym vC— X lym 


u 

(X 


1. 4-I)irhlorobutadienc (Iram-lrans) (149) hos Ihc two ficqurncies v('.—( 
at 760 cm“* and 805 rm“^ (Fig. 11-63) [23]. 




3m m mt m im m m vo »ii' 


Kv »;? ’.’7 w 


Fig. 11-63 Infrared spectrum of 1,4 dlchlorohuladiene (fraru train) (bolutioii m LS. and 

CGI.). 

4. Di- and polyhalogenated compounds with several halogen atoms 
attached to the same earbon atom 

In halides >CX, and -CX,, the frequency of the L— X vibratiun increases 
substantially as rompared to monohnlogenated analogs (see Table 11-60) 
[27, 28]. 
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CX| Rod CXt gronps behave like CH| and CHg groups. They have stretching 
and deformation vibrations like those shown in Fi^ 11^3 and 11-4. Their 
identification is more difficnlt in 


the case of chloro- and bromo- deri- 
vatives because the corresponding 
stretching vibrations give rise to 
absorptions in a crowded region of 
the spectrum and the frequencies of 
the deformation modes are too low . 

The first overtone of the C— X 
vibration in polychloro-compounds 
arises in the region 1470—1500 
cm"'. 


Table Il-Of vC~Xtnq(wmiM <«ni~*) In fen« 
tofenaiei eompowiCf [SEt EB] 


X 

Tyi>6 of eompondd 


-cx 

>CXg 

F 

1000-1120 

1200-1^50 

Cl 

570-625 

710-780 

Br 

514-560 

600-680 

I 

400-500 

- 


G— Hvibrationa. C-H bands in CII„ CH|, and CH groups with carbon 
atoms attached to one, two, or three halogen atoms, respectively, are influen- 
ced by the —I effect of the halogen atom. The asymmetrical stretching vibra- 
tion of the CH| group occurs above 3000 cm"', reaching the vG— H region of 
unsaturated and aromatic compounds. Shifts in the same direction are observed 
in the CHj group of dihalogenated compounds GH,X|. The GH bond in GHX| 
has a frequency of 3030—3010 cm"> (Table 11-70) [29]. 


Table tl-fO vCIl IrequenrlM in alkyl halldM (om"*) 


Frequency 

F 

Q 

Br 

1 

C1I,X sym 

2984 

2966 

2972 

2070 

Bsyni 

2982 


3050 

3060 

CH|X,sym 

2949 

2985 

2088 

2067 

asym 




3040 

CHX, 


BHi 

BBl 

— 


The shift increase.s with the atomic weight of the halogen atom and, for 
a given halogen, with the number of atoms attached to the same carbon (with 
the exception of some iodides). 

The phenomenon is due to tlic - 1 effect of the electronegative halogen 
atoms on the hybridizntinii of the carbon .atom. The orbitals of the C -II bond 
become richer in s-component and the force constant (hence the frequency) 
increase aeeordingly. 
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CHAPTER 3 

HYDROXY COMPOUNDS (ALCOHOLS, PHENOLS) AND THEIR FUNC- 

TIONAL DEUIVATIVES 


From the spectroscopic ])oiiit of view hydroxy cumpounds can hr regarded 
as derivatives of water, formed hy substitution of a hydrogen atom with an 
organic radical. 
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The water molecule has three normal vibrational modes shown in Fig. 1-36. 
Modes Vi and v> correspond approximately to the symmetrical (3652 om*^) 

and asymmetrical (3756 cm^^) stretching modes of tho 0— H bonds. In prin- 

- 1 ^ 

ciple V| (1565 cm"^) is a deformation mode of the angle Il-O-il. 

Hydroxy compounds R^OH show, by analogy with water, the frequen- 
cies of the functional group, perturbed by the vicinity of the organic radical. 
Consequently, the characteristic features in their spectra are stretching and 
deformation modes of 0— H and C— O-ll bonds. 

The band corresponding to the stretching vibration of the 0—11 bond is 
one of the earliest known in infrared spectroscopy (1805) (1]. This band has 
been extensively studied both in the region of the fundamental vibration and 
in that of overtones, particularly in works concerned with inter- and intra- 
molecular associations through hydrogen bonds. 

The strongly electronegative oxygon atom attaclied through its two 
valencies to a hydrogen atom and a rarlton frtpin the orguiiic group has two 
]iairs of unshared elcctron<< 'which enable the formation of hydrogen bonds 
between alcohol molecules, the same way as in water. Consequently, in the 
infrared spectrum, the hand arising Irom the stretching vliiralion of the hydrox- 
yl group in free alcohol disappears and a new band at lower frequencies ap- 
pears instead, arising from the - 0 -M...n bond in molrrules of associated 
alrobol. The position and intensity of these two types of bands are essential 
elements in molecular structure studies. 

The hydroxyl group in alcohols ran form hydrogen bonds with other func- 
tional groups acting as donors or acceptors (see “IlydrogCD bonds”). The vibra- 
tion ot the 0 H bond, and particularly that of the C- <) bond, is further 
luflupiiced hv the nalurc of the organic group. 

The inaiii (li.inges in ircipienry ari.se from iiidiuti\c (/) and roiijugalive 
(/i) electrouic effects of the group It. Muss and field effects result in much small- 
er variations iii fiequcney. Cousequeiilly sarious classes of hjdroxs dcriva- 
tises can be differentiated by their infrared siieclra; (a) saturated alcohols 
w ilh the OH group altaehed to an alkyl or cs cloalkvl radical and unsatnrated 
or aromalic nlrobols w'ith the Oil gion]> allacbed to a snluiated carbon atom 
of an alkciie chain or a side chain ol an aromalic Iivdrurarhoii; (h) phenols, 
with the hydroxyl group attached to an aromatic ring: (c) eiiols, 'U'ith the Oil 
grou]) attarhed to the carbon atom of a doiililc bond. The large diffenmees lu 
fiequenry are partly because of conjugation (d the unshared electrons of the 
(JM groU]> with tc electrons of unsaluraled and aromatic .systems. This results 
111 an increase of the C— 0 iioiid order and a simultaneous weakening of the 
0 -H bond, (aimsequeiitly, the force constant, hence the frequency, ot the 
('— 0 bond increases and that ol the 0-H bond decreases. 

In saturated alcohols, where the group H has only an inductive effect, 
shifts in frequency arc associated with the nature of the ciirbim atom (pri- 
mary, secondary, or tertiary) bearing the OH gioiip. 
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t. llmudiydroiy derivatives 

a, OH Btretehfaig vilvatfoii 1 . Suiuraied alcohols. The strong band observ- 
ed in spertra of alcohols at 3500- 3700 cm*^ vras assigned to the stretching 
vibration of the 0— II group. The large limits mentioned in the old literature 
arc due to the low dispersion power of sodium chloride prisms used in early 
spectrometers. The use of lithium fluoride prisms enabled a more accurate 
assessment of the region characteristic for the stretching mode of the free Oil 
bond (3600—3650 cm~^). Because of its high intensity, the vOH band can be 
diffen'ntiated readily' from overtones and combinations arising in this region 
11-5]. 

The assignment of the vOIl band is supported by the isotope effect. On 
deuteration, the absorption of the OH group at ca. 3600 enr^ is replaced by 
that of the vOD vibration, orcurring in the 2400 — 2G50 cm~' region. 

Inthespectraofalrohols, the frequency of the free vOIl vibration is best 
measured in the vapor phase or in very dilute solution (below 0.005 m) in 
nonpolar .solvents (CG1|. CS,). Because of the tendency of the Oil group to 
form hydrogen bonds, the band arising from the free hydroxyl gradually 
disappears with increasing concentration and a broad band at lower frequency 
arising from the bonded hydroxy] ajipears instead. In polar solvents vOlT 
frequency measurements are presented by the association of alcohol molecules 
with solvent molecules. Even lu nonpolar solvents small frequency shifts 
arc observed compared to spectra recorded in vapor phase. This is due, in 
part, to the formation of van dcr Waal's bonds with the solvent [1, 5]. 

In the .series of saturated aliphatic alcohols, the first member, methaiiol, 
has the highest vOH frequency (3642 cm~^). Higher members have frequencies 
in the range 3640—3605 cm“^ decreasing in the order primary >8ccondary> 
tertiaiy' [1, 6]; mean values arc 

primary akohoh — CllgOII .1642 cm 

seconitary alcnhnls ' ' CHOU 3629 enr', 

Urllary alrohols ^.OH 3618 cm-'. 

Band intensities decrease in the same order [T]. The decrease in frequency 
and intensity in the direction shown can be cxpluiiied by the indmtive effect 
(4/) of alky] groups. Taking into uerounl the possibility of partial oseila]) 
between bonded and free vOH bands, we must u.se the above assignments 
cautiously in interprelutive work [5]. 

2. Hydrogen bonds hetwren alcohol molicults. In the liquid state, in con- 
centrated solutions, or in the solid slate, the free vOH band in the 3600- 
3650 cm~^ region docs not occur. Another band, much broader and much 
stronger is observed instead, at 3200—3100 cm~^ (Fig. 11-64) [1, 5, 7a]. 

This suggested the idea that the bonded vOH band is a composite of a 
large number of unresolved band-s, corresponding to different modes of asso- 
ciation of alcohol molecules. The band maximum depends on concentration, 
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niture of the solvent, temperetare, ete. It was shown that dependiim on 
concentration, three types of bands can be identified. They are assigned to 
the free hydroxyl, to hydroxyl dimers, and to polymeric forms. For cyolo* 
hexanol, the following maxima were obtained at various concentrations [5]: 


0.01 m 


8620 6111*1 

free 

vOH 

0.03 m 

3465, 

3620 6m~i 

vOll 

dimer, tree vOH 

0.01 m 

3360, 

3486,3620 cnri 

vOH 

polymer vOH dimer, 
free vOH 

0.2 m 

3350, 

3620 cm-i 

vOH 

polymer, vOH free 

1.0 jn 

3330, 

3615 em**! 

vOlI 

polymer, vOH frw 



na> 3m 3mci»' jm mo jmc-i 3m 3W sfoom-’ Jtoo otoo stootm-' 


(0) (b) (c) (d) 

Fig. Il*e4 Hydrogen bunds ui l-phenylcyclobutuiol: 

(a) Uquid nim: (b) 0.07in solution in CQ,i (e) O.OSm solution In CCi,; (d) 0.03m 

solution InCCIt 

In solutions in which dimers predominate, besides the free vOH band, 
another band at ca. 3620 em**^ is sometimes obsert'ed; it is assigned to the 
vibration of the terminal hydroxyl {159). Also, the bonded vOH band (3497 
enr^) ran be split into a doublet because of the contribution of the cyclic 
ilimerie form {151) [5]. 


\ 

^0— II 0— II 

t t 

.1497 3820 cnr» 

(/5») 


U-0' u 


The polymeric form {152) has u strong band at 3300- 3380 cnr‘. In this 
association mode, both the oxygen and the hydrogen atoms participate in 
hydrogen bonding. 


H K H 

\ \ \ 

0— H --<-...0—1 1--)--0— II 

t t t 

3497 3300 - 33B0 3020 rm-> 

(Iff*) 
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Hydrogen bonds between alcohol molecules are formed and broken con* 
tinuously. Consequently, the number of molecules iu these aggregates varies 
with the nature of the alcohol, temperature etc. In fact, the baud represents the 
frequency of many linkages of various types. In thin films obtained by rapid 
cooling of molten solid alcohols, vOlI frequencies are closer in value to those 
in concentrated solutions than in crystals. This shows that in the crystalline 
state the orientation of the molecule is such as to form the strongest hydro- 
gen bonds [I], The exact interpretation of the polymeric association of hydro- 
xyl groups has been discussed in a number of theoretical studies. 

In alcohols branched in the K-position, where association is impossible 
by virtue of steric hindrance, the spectrum shows only the free vOIl frequency 
[8], for example compound {J53) shows a single band of the monomeric alcohol. 

cii, CH cn, 

I I I 

C1I3- (; c c -niij 

cii, on C1I3 

(15J) 

The vOIl band can be used to establish the propinitoii of free hydroxyl 
groups [1], By measuring the relative intensity of associated and free OH 
bands at various concentrations, it is possible to deUrmiiic the dissociation 
constant of polymeric alcohols fl), Ua]. 

3. Hydrogen bonds betmen ihc OH group and olher functional groups. The 
OH group in alcohols can form hydrogen bonds with molecules of donors (154) 
and acceptors of protons (155). 

U— 0 -II— X — \ :—ll — 0 


(/Wl (/.i.3; 

Acceptors may be groups with unshared electrons, surh as C— 0, COOIl, 
cool I, OR, NRj, halogen [Ufi t)/i] (see below). It has also been shown that 
hydrogen bonds can be formed by menus of 71 electrons of double bonds, triple 
bonds, and aromatic rings. 

Tabic II-7I shows a.s.snrialed and Iree vOII Irequencics for a number of 
primary alcohols, H— f.IfjOll, vhere the OH group is separated from the accep- 
tor by one, two, or three CHj groups flO], A similar iiiteraetion takes place 
with the threc-membered ring. 

It can be seen that relative to the intensity of the free vOH band, the 
intensity of the associated band falls with increasing number of CH| groups. 
At the same lime, Av has greater values, which means that the hydrogen bond 
becomes stronger. 

If the OH group belongs to a rigid system, the position of associated and 
free vOIl bands can give inforraation on the orientation of the OH group with 
respect to the double bond or the functional group of the acceptor [10]. In 
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e»dM>bydroxytricyclo [5.2.t,0]*«* decone>4 (156), the fi««{ttency of free vOH 
is 3624 cm”* and the fre<iacncy of associated vOH is 3575 cni'^> 

The distance between the bands (Av»49 cm'*’’) reflects the strength of 
the hydrogen bond formed between the OH group in the 8 position and the 


Table Il-lt FrffunriM of hylrogsn btmSii In ■ynltmi 0— H...n 
(ttoetroDK) [1(1] 


Alrohfkl 

vOH tiee, 
pm-' 

vOH aiwo., 
cni-‘ 

Av, 

ran"* 

A/co/ioli with tloabfe bonds 

Clf,»CH-CH,OH 


3618 

13 

CH,«CH-CH,-C1I*0II 

»634 

35D4 

40 

GII 3 -CTI -CH,-CI1,-CII,01I 

3G37 

- 

- 

Alcohols with triple bonds 

CH=C-CH,01I 

— 

3020 

11-18 

disc Oil 

3640 

3598 

42 

CIl=r.-CHt-Cll,-CII,OTI 

.1638 

3588 

50 

Aiomaiie alcohoU 


3632* 

3615 

17 

C,H,-cii,-cnjOu 

3034 

3600 

28 

CgHj-CHa^CIl,- ClIjOll 

3638 

- 

- 

Cgelopropylmbinol 
▻ C1I,011 

3631* 

3615 

16 


• Ovrilappi'd 


double bond in the 4 posiliuii. The smaller value of Av (3022—3591=31 cm"*) 
in isomer (156/>) shows the formation of a weaker hydrogen bond in agreement 
with the larger distance between the OH group (8 position) and the double 
bund (3 position), lu molecules with a norbornene skeleton (157a) and (157b), 
only the endo isomers ran iorm a hydrogen bond. In en(fo-2‘norbomenol<‘5 
(IS7a), the free vOH vibration has a frequency of 3622 cm"* and the associa- 
ted vOH of 3592 cm"* (Av-=-30 cm"*). 5-e/iifo-Mpthyl-2-norbomene-5-ero-ol 
(157b), absorbs only at 3610 em“‘ (free vOH) (10]. 

ris and Irons Isomers of 1 , 2-diphenyl-3, 4-dihydroxycyclobutene can lie 
distinguished by their absorption in the vOH region [11]. The cis isomer 
(758a) has two bands in this region. The 3602 cm"* band is assigned to the 
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O—H... n bond and the 3657 band to the 0—H ... 0 bond. The Irons 
isomer (lS8b) has a single absorption at 3fi02 cm*^. 



The capacity of the benzene ring to act as an electron donor has been 
demonstrated in several ways [ 12 ]. In the infrared the benzenemcthanol 
interaction was first studied in the overtone region. The results obtained in the 
fundamental vOIl region on the interaction of CH^OD with various monoryolir 
aromatic hydrocarbons are shown in Table 11-72. 


Table JJ-fl vOD^fre^Oeneln at GH^OD in the i^mearn of ofogulir 
eoBSfinds [13] 


( H,OD with: 

VOD,43Ii“* 

eompwvd 

wlthCHtODIn 

ca, wn"‘ 

Carbon irirochlorlde 

2689 


Benaeno 

2665 

24 

Toluene 

2663 

26 

o-Xylene 

2659 

30 

m-Xylene 

2660 

29 

Mesitylene 

2655 

34 

Chlorobenzene 

2666 

21 

Bromobenzeae 

2669 

20 

o-Dlemorobenzene 

2670 

13 


The Av values show that the basieity, i.e., the capacity to donate elec- 
trons decreases lu the order: me 8 itylene>xylene>toluene>benzene>rhloro- 
benzene >o>dichlorobenzene. 

The vOH frequency of e/ufo- 2 , 3, 6 , 7-dibenzobicyclo [3. 2 . 1 ] octa- 2 , 6 - 
-dieneol-4 (J59a) is 33 cm"^ lower than that of the eio isomer (lS9b) because 
of the interaction of the OH group with the adjacent benzene ring [14]. 

The presence of an intramolecular hydrogen bond between the aromatic 
ferrocene ring and the OH substituent was demonstrated in a rather interes- 
ting way [15]. a-Hydroxyethyllerrocene (ISO) in carbon tetrachloride solution 
shows a band at 3617 cm~^ (free vOH) and a strong band, independent of 
concentration, but temperature dependent, at 3574 cm~* (assigned to the OH 
group hydrogen bonded to the ferrocene ring) (A v =» 43 cm'^). In a mixture 
of 0.1 mole n-butanol and ferrocene in CCI 4 , the frequency vOH assoc, is 
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3597 eoT* {15]. The eromatie analog p -phenylethanol C,HyGH|CH|OH 
abaorlM at 3630 cni*^ (free vOH) and at 360} eni'^ (vOH associated wift 
the bfonene ring) (A v sc 29 cm"^). Consequently, the ferrocene ring fomts 
stronger hydrogen bonds than the benzene ring. 



(m 


4. The 'iOH vibiation in conformational analysU of cycloalKanols. II has 
been shonrii that in ryi-lohcxaiiols and in alcuhols ol the terpene scries it is 
possible to distinguish bci^reen primary, secondary (axial or equatorial) and 
tertiary (axial or equatorial) OH groups by studying tlie vOH absorption 
[16, 17). In cyclohexane derivatives the primary hydroxyl in the hydroxy- 
methylene rhain has the highest frequency (in cis-2-methylcyclohexymeihanol 
It oiTurs at 3640 cm~^ and in the tram isomer, at 3641 cm"’) [18], The 
secondary hydroxyl group in the cyclohexane ring (axial or equatorial) has a 
Ircquency ranging from 3622- 3632 cm~*. The lowest frequency (3611) cni"^) 
oreurs in the tertiary hydroxyl group (Table 11-73). The frequency of an 


Table 11-75 vOU frafueuelta (em~*) in nlkylryelobeiniuJi 


Compound 

Free vOH 

(lOltttlOD 

In COft) 

[18] 

OH 

CoDlOTma- 

tlon 

vOH (Nlutlon 
InCSjfie] 

free 

auoclated 

eb-2-Mcihylcyciohuxano] 

3632 

a 

3650 

3520 

£r£ini-2-Meth> Icyclohexanol 

2622 

e 

3613 

3400 

cb-S-MethylcycJolieiwaDl 

3622 

f 

3610 

3380 

(!ranj<3-MeUiy Icy clohexano] 

3627 

a 

3650 

3400 

cb-d-Metbylcyclohexano] 

3628 

a 

— 

— 

[raiit-4-Met1iylcyc1ohexanol 

3623 

f 

— 


Isomenthol 

3627 

t 

- 

- 

Menthol 

3628 

f 

- 

- 

Neomenthol 

3632 

u 

3622 

3510 

Neoiioiiienthol 

3632 

a 

3635 

3520 

c(».2-Bletliylcyclobexylmethaiio] 

3640 

primary 

- 

- 

{r(mt-2-Mcthylcyclohexylinethanol 

3641 

primary 

— 

— 

tr(mt*p«MenUuuie-4-«l 

3619 

tertiary 

— 

— 
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axUl bydroxy] group to higher than that of an equatorial OH [18]. This was 
explained by the repulsion between atoms in 1,3-axial positions of the cyclo- 
hexane ring, hindering the vibration of the oxygen atom responsible for 
the increase in force constant of the 0— II bond. In equatorial OH groups 
the motions are less restrained (Fig. 11-65). 

The small, but significant, diffe- 
renres betvrecn the frequencies of axial 
and equatorial hydroxyl groups are of 
v.'tluo in establishing the ronformathm 
of substituents in some mono- and di- 
alkylcylrlohcxanols, where substituents 
compete for the thermodynamically 
more favored equatorial position (e) 
[17, 18j. 

In a number of m- and frans-monn- 
alkylcyclohexanols substituted in the 2-3-, and 4-positions with methyl, 
isopropyl, and f-butyl groups, the limits for axial and equatorial vOH absorp- 
tions were set at 3627 —3632 cm“* and 3622—3623 cm“^, respectively. For tri- 
terpenesthe limits are 3637 —3660 cm~^ and 3629— .3630 rm“^, respectively [19]. 

The conformation of the hydroxyl group, established by means of these 
frequencies, is shown in Table 11-73 |18]. 

Table 11-73 shows that in tlie case of methykycluhexnnols the conforma- 
tion with axial OH (vOH frequency 3627—3632 cm~^) is predominant in 
rfs-2-methyl and CIS- 4-methyl derivatives. The lions isomers, with ecpialorinl 
UH have frequencies in the range 3622-3623 cirr* [20]. In the last two 
columns of Table 11-73 are shown free and associated vOH frequencies 
in eSj solutions [16], Similar assignments were made for a number of cis 
and Irons alkyl-2-, 3-, or 4-cyclohexanols (methyl, isopropyl, t-butyl) 
[16]. However, no general rule can be established: for example in ns- and 
irons- cyclohexylcyclohexanols, the difiereuce in frequency is insignificant, 
and in decalols there is no agreement whatsoever |16]. In dialkylcylohexanols 
a small increase in frequency is observed, assigned to the increased rigidity 
of the system due to the presence of an additional alkyl group. Based on 
criteria for monoalkylcyclohexannls, the frequency of 3628 cm"^ in menthol 
was assigned (Iff!) to the tri-equatorial conformation [16-18]. The frequency 
in isomenthol (3627 cm~') supports structure (162) where the OH and isopropyl 
groups are equatorial and the CHg group axial. 

In neomenthol and neoisomenthol the isopropyl, methyl, and hydroxyl 
groups compete for the equatorial positions. In neomenthol the absorption 
at 3632 cm~’ shows that the OH group is axial; con.sequently, the methyl 
and isopropyl groups mu.st be equatorial (/63). 

In iieoisomenthol the choice has to be made between the two conforma- 
tions (164) and (16S) with the isopropyl group equatorial (164) or with two 
equatorial groups (OH and CH,) and the isopropyl group axial (I6S). The 
absorption at 3632 cm*^ (vOH axial) in neoisomenthol supports the predo- 


X 0*^ 

jy 



( 0 ) 


(b) 


Fig, n-65 (a) Axial and (ft) equatorial po- 
sition of the OH group in cyclohexanol. 
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mintnt noafonnitioii (/M) {18]. Subiequeotly it was ahownthatdialkyleyelo* 
hntaBoli are eonformatiooally haterogenoiu, having characteristic G— 0 fre* 
quraeies for both axial and equatorial OH bonds {18). 



Meooienthol (|<3) 


Neolbomenthol (/0d) {JOS) 


In triterpene alrohols with cyclohexane rings, the frequcnries of the 0—11 
group are higher than in monocyclic enm))ouiids |20]. Also, in this case the 
vO— II frequencies enable one to distinguish between the axial and equatorial 
orientation of the functional group (Table 11-71). 

In various members A vOII (free 
vOH — associated vOH) varie.s bet- 
ween 100 and 300 cm"^. 

The intensity of the associated 
hydroxyl band i.s lower for axi- 
al than for equatorial OH. The 
ronclusion was drawn that axial 
hydroxyl groups associate less rea- 
dily than equatorial ones [16]. The 
increase in volume of the substituent 
adjacent to the OH group reduces the 
possibilities of association. 

A study of a-indanols has shown that the a.ssocialed hydroxyl bond 
orcurs in the racemic form at 3230 cm**^ and in the dextrorotatory’ enantio- 
mer at 3320 em'*^. The phenomenon was explained by a different mode of 
association of the two types of molecules |21]. 

b. C— OH stretching vibrntioi. The strong absorption observed in s])ectia 
of hydroxy derivatives between 1000 and 1250 cm~’ was assigned to a charac- 
teristic vibration of the C— OH group. The exael origin of this band which 
undoubtedly involves hydrogen participation is not known. Consequently, the 
nutation vC— OH isconside^ to be more correct than vC-0. Early .studies 
of this region have already shown a correspondence between the frequency 
of this vibration and the nature of the hydroxyl group. This allows the 


Table 11-74 Charaeterlstie vOH fresaitnelM 
In triterpene alMhols (wtatlon lnCC|() [19,20] 


Hydroxyl group 

vOH, cm”' 

Primary 

3640-3641 

Secondary axial 

3635-3638 

Secondary equatorial (Cg) 

3628-3630 

Secondary equatorial (Cij) 

3623-3625 

Tertiary axial 

3617- 361 U 

Tertiary equatorial 

3613 



358 
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possibility to differentiate various alcohols by their absorption in the 1000— 
1200 cm'^ region (22—24]. It was stated that primary alcohols ahsiorb at ca, 
1050 cm‘'^ secondary alcohols at 1100 cm*^ and tertiary alcohols at 1150 
cm"^. These findings were confirmed by subseguenl studies (25, 20] of satura- 
ted aliphatic alcohols with chains up to 12 carbon atoms. 

More recent systematir studies of a large number of various alcohols have 
shown that a clear distinction between the three types of compounds cannot 
be made simply by assigning the absorption bands to one of the zones men- 
tioned nbnve. The C—0 bond is especially sensitive to electronic and symme- 
try effects resulting in changes in force constants, hence in band positions. It 
becomes incronsiiigly ditfieult to make accurate assignments when moleeular 
symmetry and stiuctural elements in the vicinity oi the C-0 group can by 
their nature have a strong influence on the vibraliun of the bond, It has been 
shown that the nceurrencc of a band between 1205 and 1125 cm~^ may indi- 
cate the pre!>cncc of a saturated tertiary aliphatic alcohol or of a highly sym- 
metrical serondary alcohol. An absorption between 1085 and 1125 cm*^ 
very probably belongs to a saturated aliphatic serondary alcohol, to a cyclic 
tertiary alcohol, or to an ». ^ -unsalurated alcohol. If the band occurs bet- 
ween 1085 and 1100 cm”’, it is very likely that a secondary alcohol bran- 
ched ill the a -position is involved. A liand between 1050 and 108.1 cm”' may 
ari.se from an uiusaturatcd .secondary alcohnl. a primary straight chain iiliphatir 
alcohol, or a secondary five- or six- membered cyclic alcohol. Seven- and 
cight-membered cyclic secondary alcohols absorb at ca. 10.10 cm”’ |27|. Thus 
till’ distinctions arc not clear-cul and for slmcture determinations addilional 
])roof from other regions of the spectrum or liv dillerent means (physnal or 
chemiral) arc neces.sary. 

1. Primaiy akohoh. In straight chain jirimary aliphatic alcohols (Table 
11-75), the C—0 vibration freqneney occurs in the range n).')0 — J()7.1 cm”'. 

Chain branching in the s-position lowcis 
the frequency by ca. 15 cm"', cl. the 
C-OII frequency ol the imhiauelied al- 
cohnl. branching in the -position does 
not have an niialogniis effect |27]. 

Uanil intensity decreases with inerea>- 
iiig chain length (increasing ratio bet- 
ween the hydrocarbon chain and the Oil 
group). 

2. Sfrandtiry alcohols. In straight chain 
.saturated serondary alrohril.s, the vC — 
—Oil frequenev, occurs at 110045 cm”*. 
In compounds Cllg-ClIOIl- U' and 
CjHj - CHOH-ll', lengthening of the 
chain 11' results in a very small 
shift of the band towards higher Ircqueneies. In secondary alcohoKs H — CIIOH — 
R' the increase in frequency issmall when chains R and K' become longer 
[27] (Table 11-76). 


TaUf Il-fS Arjrrilr primary alroholo 
127] 


Alcohol 


Methanol 

1030 

ELhanol 

1050 

n-Propaiiol 

1000 

n-Butanul 

1075 

/t-Penlanol 

1000 

/i*Ilexanr>J 

1000 

n-Hppiano] 

1060 

/z-Octanoi 

1060 

2*MethyJbutanoJ>1 

1040 

:i-Met]iyJl)UtanoJ-] 

1060 

2p 2-D4methyJpropanoJ-l 

1030 
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Branching in an a -position resnlts in a decrease in vC-'OH fra'- 
queney by ca. 15 cm'^ cf. the frequency of the straight chain iaoAcrt 
Lenghthening of the branched chain does not seem to have any influence 
on the vibration. Branching at both carbon atoms in ot-positions appeata 
to have an opposite effect (Table It-77). 


Toth 11-78 vG-OH beawiMiM la atyaile Maontey alMbats B>GdOH>Il' [27] 


1\ 

U' 


B 

H' 

vC-OM, 

em"* 

Methyl 

MoUiyl 

llUfi 

Ethyl 

n-Butyl 

1106 

Methyl 

Ethyl 

nos 

Ethyl 

/i-Jlexyl 

nil 

Methyl 

n-Propyl 

1106 

n-Propyl 

n-Propyl 

1115 

Methyl 

n-Buty] 

HOC 

n-Propyl 

n-Butyl 

1116 

Methyl 

n-HcxyJ 

1109 

n-Propy] 

/ 1 -Hexyl 

1116 

Methyl 

n-Nonyl 

1111 

n-Butyl 

n-ButyJ 

1115 

Ethyl 

Ethyl 

1166 

n-Penthy] 

n-Penty] 

1119 


CijcHc secondarii iikohils. The vC--On absorption in cyclic secondary 
nleohols is shifted by 1()-K5 enr' toward lower frequencies, cf. acyclic com- 
pounds (1110 cm"*) (see Table 11-78). Aecording to this criterion, eyclopro- 


Tuble 11-77 vC-OlI frrqnraeleo la braarlied aeyelle 
wuonSary aleobolH (II-CIIOII-H') |27| 


Table 11-78 vC-l>lI trequeueiM In 
ryello wrandary aleohob [27] 


R 11' vC-OlI.ciu"* Alcohol vC-OH,cm"‘ 


Methyl 

f-l*ropyl 

lOUO 

Gyclopropiiiiol 


Methyl 

M3ulyJ 

1109 

Cyclobutanol 


Mpthyl 

NButyl 

1093 

Cyclopentanol 


-Methyl 

i Hexyl 

1110 

Cyclohexanol 


f "Propyl 

i- Propyl 

1098 

(-)-Menthol 


r-Biityl 

i-Butyl 

1126 

Cycloheptanol 


("Butyl 

(-Butyl 

1163 

Cyclooctanol 

1047 


])»iiol (1205 eni"*) has an abnormal behavior, whereas cyclobutanol (1090 
em~>) has an almost normal behavior. It appears more reasonable to compare 
eyelie alcohols with each other. Taking for reference the frequency 1067 cm"* 
ill ryciopentanol and 1061 rm"* in cyclohexanol, the shift toward higher 
rrequeiiries in strained rings becomes evident (in cyclobutanol the frequency 
is lOilO cm"* and in cyclopropane, 1205 cm"*). The frequency falls in cyclo- 
heptanol (1025 cm"*) and tends toward normal values in the eight-membered 
ring. The increase in v C— OH frequency in small rings is in line with the 
different nature of their bunds (see cpcloalkanes). It is due to the increase 
in force constant, as a result of enrichment in s-component of the “speclaV’ 
small ring bonds. In the extreme case of cyclopropane bonds, the frequency 
shifts all the way to 1205 cm"*, the calculated value for a hypothetical 
vinyl alcohol with the hydroxyl group attached to a sp* hybridized carbon 
atom (=C-OH). 
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In compounds with cyclohexane rings, the vC«-OH frequency varies 
with the axial or equatorial orientation of the hydroxyl group. The invests 
gation of this region was of great value in conformational analysis work (see 
below). 

1. Tertiary alcohob. In straight chain nliphatir tertiary alcohols with 
up III 17 eorbon atoms, the v(]~OH frequency occurs at 1140 cm“^ 123]. 
However, the band position varies with the nature of the alcohol 127] (Table 
Il’TO), for example, ferf-butanol absorbs at 1205 cm*^. Chain branching in 
an a*posiLiun results in small shifts toward lower frequencies. The same 


Tahlf H-T9 freauenelM la twIiaryalMkol* RiII,n|C-OH |27| 


n. 

u. 

R| 

onr' 

CH, 

CH, 

CH, 

CH, 

CH(CH,)C,H, 

1205 

1142 

CH, 

G.H, 

CA 

1100 

C|H, 

CjH, 

1009 

filI,-0-C,R4 


GM,-0-GA 

1020 


efioet is uh.serve(l in cyclic terlinr}' alcohols; for example, l-inethylcyclohexa- 
uol-i absorbs at 1117 cm**^. Variations in frequency can be assigned to vibra- 
tional interactions between C-C and C— 0 bonds, which are stronger in 
tins kind of stnicliire. 

It should he pointed oul that Lriphenvl- and Lrinnisylcarbiriol ali.sorb al 
about the same frequency as diphenylcarbinol. 

5. rnsalatated and aiomalir alcohols. The frequencies of secondary alcohols 
(.11.,- ('.HOH R'. where R' is a phenyl, ^-naphthyl, or niisaturated group 
wiih a C C double bond, arc 30-50 enr^ lower than in secondary' aliphatic 
hIcoIioIs «i1h hiuiiliir structures [27], (Table 11-80). The cyclopropane ring has 


Tahir ll-'>n vU-OH Irraiiriii'lra in unMtontrd and arunatir alrahols R^I.BOB-H' \VI\ 


11 

u 

vC- on, 

n*iri“ ^ 

H 

n' 

vG-OJJ 

Mdliyl 

I'hcnyl 

1073 

Pheny] 

/-Propyl 

1020 

Mcihvl 

Ci.vuloprnpyl 

[U7() 

Phenyl 

/-Butyl 

lOOO 

Butyl 

\ inyl 

1060 

Phenyl 

Phenyl 

1014 

PlifnyJ 

hlhyl 


Phenyl 

p-ToIyl 

1012 


an analogous effect. In alcohols C,H,~CI1011— R', where H' is an alkyl 
radical (methyl, i-propyl, Mmtyl, cyclohexyi) the decrease in frequency is 
85 -100 cm"*. Similarly, a large decrease in frequency is observed in the 
case of two phenyl nr two tolyl groups. 
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CoflSMlUBDtiy, unsaturation Jn the a*po«ition results iu a large decrease 
in fte^euey. and tile vC'-OH band shifts to the region of primary alcohol 
absorptions. 

Compared with aliphatic series, differences in frequency between primaiy, 
secondary, and tertiary aromatic alcohols are smaller. 


C,H,CH,0I1 (CAl^OH (C,»U|C0H 

1010 cm-» 1014 ciir> 1009 cm-* 


CHfOH (CHa',CHOH (CH^,COH 

1088 tar^ 1105 1205 enr* 


C. The vC— OH pibraiion in conlomutional analysis of cyvloalkanols. 
Infrared studies of a number of 3>bydroxy steroids have .shown that the fre- 
quency of the vC~OH vibiation depends on the conformation of the OH 
group in the 3-position [28]. In compounds with the OH group in the equa- 
torial position {168 e), the C— 0 bond frequency is much higher than in 
isomers with axial Oil groups (idda). In 3-hydroxy steroids with A/B rings 
Irons and an equatorial 3p -hydroxyl, the vC--OH frequenry lies in toe nauge 
1037—1040 cm*^; whereas in compounds with A/B rings trans and an axial 
3a-OH, the frequency is 996— 1002 cm'^ [28]. Similar results were observed 
in other 2r, 3-, or 4-hydroxy steroids [29, 30). 


HI) 


( Ml 



M 



on 

(itiij 


In triti'rpenes the frequency of the axial C- Oil bond (1003—106!) enr’) 
is higher than that of the equatorial bond (1025— 1040 cm~^) [19]. In struclui- 
al determinations this inversion has to be taken into acrount. 

The use of the vC— OH vibration was extended to the conformational 
analysis of simple cycloalkanols with various ring sizes. For cyclohexane deriv- 
atives, the two stereoisomers of 4-/-butylcyclohcxanol were chosen as refer- 
ence. The f-butyl group makes the ring rigid enough to stabilize the molecule 
in a single conformation [31, 32]. In the frons form {167), the two substituents 
are equatorial. In the cfs form (16^, the Mmtyl group is equatorial and the 
OH group is axial [33]. 




aea infiiaked sfectha op organic compounds 

c(«-4>I*Butylcyclohcxanol absorbs at 955 cm'^^ and Irons-^butylcyclohexanol, 
at 1062 cmr^. Uy comparing the intensity of the 1069 absorption in 
cyclohexanol (169) with that at 1062 cm"^ in lr(Ui5-4-/>butylcyclohexanol, it 
was appririnU'd that ryclohexanol exists to Lhi- extent of 62—66% in equa- 
torial conformal ion 133 J (Fig. 11-66). 


OH 

H ( fB $) 

vC— OH frequencies in the 940—1070 cm”^ region were used to assign 
axial or equatorial conformations to substituents in a number of alkyl and 
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(°) (b) (c) 

Fig. 11-66 Stretching vibrations of axial and cquatonai C OH bonds in 

cyrlohexnnols; 

(a) /rnnN-4-(- butyicyclohpxanol (OH equatorial): (b) rib-l-f-bulylcylohexiinui 
(Oil axial); and (c) eyidonexanoi. 

(lialkylcyclohexanols and some a-and fj-deranols |ir»]. The irequcncies of 
some rharurterlstir representatives of cis and lians 2-, 3-, or 4-alkylcyclohexa- 
nols, where the alkyl group is methvl, ethyl, isopropyl, or /-butyl, are shown 
in Table 11-81. 

These frequencies show that monoalkyl derivatives are eonformationally 
homogeneous. In /ra/is-2-alkyI isomers, the hydroxyl is equatorial and m 
ris-2-alkyl derivatives it is axial. In 3-aIkyIcycIohexanoIs cis isomers have 
equatorial 011, and Irons isomers have axial OH fl6]. 

With few exeeptions polyalkylcyclohexanols are eonformationally hetero- 
geneous [16] (see vOH vibration). Menthol is an exreption, its OH group 
being exclusively equatorial. 



HYDBOXy COMPOUNDS AND THSIR PVNCTIONAL DEHIVATTVES 3^3 


TtHe IJ-il vC-OH iaiinMMilMUtatol tfakteitmtoflBl 

vC-OH 


BqutorbU Axial 

SabitituMit ' 



llaln 

Saeondary 

Mbin 

Secondary 


baiut 

band 

band 

band 

cM-Methyl 

1065 

956 

* 

1025 




075 

1014 

frany2-Methyl 

1042 

980 

- 

— 

cb-3-Methyl 

1045 

972 

- 

— 


101 0 




tran«-3-Methy1 

- 

- 

994 

1032 




943 


G^^2-EthyJ 

- 

— 

065 

1023 

friiiu-2-Eihyl 

1064 

087 

- 

- 

rb-2<l«opropyl 



968 

1000 

{ran5-2-l5opr(»py] 

1047 

995 

- 

— 

cfs-3-Isopropyl 

1045 

080 



fraiiff-:M8opropyl 

- 


977 

1046 

c£ 9 - 2 -GycloliBxyl 

— 

- 

967 

992 

iraiu-2-Gyclohexyl 

1044 

985 

— 

- 


— 


955 

1012 

^^ana-4-^Butyl 

1060 

980 

- 

— 

* Overlapped. 





It should be pointed 

out that the eonforniatinnally homogeneous cis- 


nnil /ranM-Mintylryclohexanols show, in addition to thr strong main band, 
0 si‘L‘ondary wcakrr band at lower frequency. In fran.v-4>fert-butyIcyclohexanQl 
Lhe main band occurs at 1062 cm~’-, and the serondary band occurs at 070 
cm"*. The cu isomer has the main band at 955 rnr^, and the secondary 
band at 1012 cm~^. In cyclohexanol the main band of the chair conformation 
(OH equatorial) occurring at 1065 cm~^ is accompanied by a weak band at 
965 cm“* which, however, overlaps with the main baud of the axial conforma- 
tion (955 cm"*). This in turn is accompanied by a secondary band at 1025cm''^ 
In alkylcyclohexanols, the bands accompanying the equatorial conformation 
vary between 955 cm“^ and 980 cm“* and those accompanying the axial con- 
formation vary between 992 cm”^ and 1045 cm"' fl6). In some instances, par- 
ticularly in dialkylcyclohexanols, the main hands are doubled. In decalols 
equatorial isomers have the vOH frequency between 1025— 1060 cm"* with a 
secondary band in the range 971 — 1000 cm”^ The axial isomers have the main 
band at 937-964 cur* and the secondary band at 991-1022 cm"* [lO], 
Frequencies in cyclopentanol and alkylcyclopentanols occur at the limit 
of equatorial and axial zones of cyclohexanols. Cyclopentanol has a strong 
band at 992 cm"* and a weak band at 1028 cm~*. The two bands occurring 
in the C — OH region in spectra of alkylcyclopentanols are shown in Table 

n- 82 . 
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For stcric reasons or because of deformations due to the substituent, the 
hydroxyl group may adopt a pteudo-fqaatoml or pstudih-axial poBitiun, In 

Table Ji-SSyC-OH fMluanlM la alkrlfprkiMntaaali 


Compound 


vC—OH, cur* 


(<yrJopeiitanol 

loasiD 

911 < 

r Isopropy Icyclopentaaol 

1016 1 

996 If’ 



D66 

fi-eini-2-ihopropyJeyc]opentan<)l 

1036 5 

985 w 

ri5-2-Cyclopenty]cyc]opciitauol 

1010 iv 

9901 

/rafu-2-Cyclopenty]cycl(q>entanol 

1036 5 

974 w 



this rase the vibration frequency is less clearly defined than in eycluhe\anols. 
Intermediate frequencies of ca. 990 cm"^, observed for example, in eyclopen- 
taiiol, ])lucc this absorption at the borderline between axial and 
equatorial regions [16]. 

Oil groups in endo and earo-bicyclo [4. 2. 0] octBnoI-2 (170) 
have a pseudo-axial and pseudo-equatoiial orientation, respect- 
ively [34]. The endo isomer has a weak absorption below 1000 
(170) enr^ and the exo isomer has a strong absorption at 990 enr’ 
(intermediate between equatorial OH (1069 cm~*) and axial OH(955enrM 
absorption in ryelohexanol) [33]. In the endo isomei, the four-membered ring 
prerludes the interconversiou of pseudo-axial and pseudo-equatorial Oil 
group.s. In the exo isomer, where the four-membered ring dues not have anv 
influence on the hydroxyl group, the normal equilibrium between noimol 
equatorial and axial conformations is reached. 

c. 0— H IlefonDation vibration. The assignment of this vibration is 
uiieeitain [23]. The absorption occurs in the range 1300—1450 cm"^. In 
methanol (in the vapor phase) the band occurs at 1340 cm~* [351: in ethanol, 
at 1393 cm~^ and in propanol, at 1391 cm*^ [3G]. The participation of the 
OH group in hydrogen bonding increases the frequency of the vibration. The 
1340 rm~^ band in gaseous methanol disappears in solution and is replaced 
by ii new band nt 1420 cm*^. The same phenomenon is observed also in 
other alcohols . In more complex structures, this band cannot be readily iden- 
tified. 


2. Di- and polyhydroxylie aleohola 

Diols and polyols with OH groups sufficiently close to each other form 
intramolecular hydrogen bonds, along with previously described inteimole- 
cular hydrogen bonds. Compared with intermoleculer hydrogen bonds, which 
in many instances make the investigation of the OH frequency difficult, 
intramolrcnlar hydrogen bonds are important features in elucidations of struc- 
ture. 
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Th' two types of hydrogen bonds are readily distinguishable in the infini- 
red. As shown in monohydroxylic alcohols, the frequencies of intermolecalar 
hydrogen bonds are concentration dependent. On dilution the band intensity 
dpcreases, and finally the band disap^ars. Intramolecular hydrogen bonds an 
independent of concentration. The bands arising from these absorptions persist 
even at high dilution. Oenerally, intermolecular hydrogen bonds give rise to 
broad bands (see above) whereas bands arising from intramolecular hydrogen 
bonds are sharp and well-defined. The frequency differences betwi'en free and 
associated vOH (Av) are smaller in the case of intramolecular bonding than 
fur intermolecular association . 

Intramolecular hydrogen bonds can be observed in dilute solution di- 
aiid polyhydroxvlic compounds (below 0.U05M) in carbon tetrachloride, where 
no intermolecular bonds are formed. Under these conditions, it was observed 
that a number of cyclic and acyclic diols have two bands and others have 
a single band in the OH stretching mode region [37]. 

/\ 

or 'o-H 

\ / 

R,C— CRj 

(iri) 

The band with the highest frequency (363U— 3644 cm**^ in acyclic dioKs 
and 3619—3636 cm"^ in cyclic diols) is assigned to the stretching vibration of 
the free O-H (see 171). 

The second band is assigned to tlic hydroxyl group involved in intramole- 
cular hydrogen bonding. This band is of variable frequency. The difference 
Av (vOH free — vOlI assoc.) is a very precise measure of the distance between 
the two OH groups involved in intramolecular hydrogen bonding [37]. From 
this value one can estimate the force constant of the 0H...0 bond (the smal- 
ler the distance OH ... 0, i.e., the stronger the hydrogen bond, the larger is 
the value of Av) [38, 39). 

a. Acyclic diola. The spectrum of ethylene glycol in dilute earboii telru- 
chloride solution shows two vOlI bands, at .3644 cm**^ and 3612 enr' |37|. 
The first rnrrespunds to the vO— II stretching vibration of the free hydrovsl 
group and the second lo the stretching vibration of the hydroxyl involved in 
the OH ... 0 hydrogen bonding. In this case Av is 32 cm"^. In generul Av 
varies within large limits as a function of the relntive positions of the two 
OH groups. In acyclic diols HO- (CHj)h— O il, where n=s2, 3, ...,7, Av 
varies between 32 cm*^ (in ethylene glycol) and 156 cm"* (in butancdiol-l , I) 
(Table 11-83). 

On theoretical grounds, of the two possible conformations for ethylene 
glycol (Fig. 11-67), only the staggered sgn conformation can form an intra- 
molecular hydrogen bond. 

The occurrence of a strong band arising from the intramolecular hydrogen 
bond shows that the mnirrule exists in the staggered syn conformation. The 
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energy ol thr hydrogen bond compensates for excess energy (5 kcal/mole) 
due to steric and dipolar repulsion of the two Oil groups [40]. The small 
shift (Av=r 2 cm**') shows that the hydrogen bond is weak. It increases in 
1, 4-butauediol (15C enr^) where the steric proximity of the two Oil groups 
favors hydrogen bonding. 


Table 11-83 vOH frefasiielw In aeyelle dtoli 


IT0(C11,) „OH 

liree 

vOll 

auoc. 

vOlI 


iiO(cig,-oii 

3644 

3612 

32 

H0(CII,},-011 

.3636 

3558 

78 

HO(CH,)«-OH 

;)634 

3478 

156 

110(CH,),-0H 

3639 

- 


(CHikCOH-COUfCIl,), 

3620 

3583 

43 



Fig. 11-67 Staggered confor- 
matloni of ethyleneglycol: 
(a) tree Oil; (SlanoBlatedOH. 

The effect of Ihe volume of alkyl groups in determining tlie distance 
between Oil groups was studied in various glycols, such as It/^OIl— CIl^OH, 


Table 11-34 Fkee and bonded vOH IregiienelH, eni~^ [41J 


H 

vUH 

me 

vOH 

bonded 

Av 


R,COII 

ClI|OH 


GIl, 

s^640 

3589 

51 


3620 



C,H. 

3640 

35Bb 

51 


3618 



(C1I,),CH 

3640 

3570 

70 


3630 w 



(CH,),C 

3636 

3539 

97 


RGHOPl 

-GHOIIH 


CH| jneso 

3633 

3561 

42 

racemic 

3632 

3583 

49 

(GFl|)fGll mevo 

3635 

3580 w 


racemic 

3633 

3552 

81 

(CH,),G meia 

3636 



raccmic 

3637 

3643 

94 


R,COH- 

■COHR, 


CII3 

3620 

3574 

46 

C|Hj 

3622 

3560 

62 

(CH,),CH 

3631 

3535 

96 

(CH,),C 

3630 

3460 

170 
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moso oad racemic, KCHOH-^-CHOHR, and ll|GOH->-COHR„ where H >=> 
methy], ethyl, isopropyl, and ler/-butyl [41 J (Table 11-84). 

In the glycol scries KjCOH— CH,OH, the 3640 cm~^ band corresponds 
to the primary Oil and the 3620 cnr^ band corresponds to free tertiary OH. 
Associated Oil bands occur at ca. 3585 cm"^. The presence of three vOH bands 
shows that compounds with H = methyl, ethyl, and isopropyl exist in two 
conformations in equilibrium. In ronformation (172), the primary hydroxyl 
forms a hydrogen bond with the tertiary OH group, whereas in conformation 
(173), the hydrogen of the tertiary OH group is involved in hydrogen bonding. 
In diols with isopropyl groups, the very low intensity of the tertiary vOH 
band shows that the conformation (173) is present in very small amounts. 
When the volume of the group R is large, the tertiary OH tends to adopt a 
conformation in which the hydrogen atom is remote from the alkyl groups. 
This is achieved by its bonding to the primary OH group. Such an orientation 
favors struct\irc (173). 



Ill the raremic series of 1,2- 
disubhtituted glycols RCHOH 
— CHOHR, all compounds exist 
in a conformation in which the 
OH groups are r/s to each other 
(R group rinfi) (Fig. 11-G8). The 
spectrum has two bands, free vOH 
and bonded vOH (Table 11-81). rocemre 
In the meso series, when Rs 
- methyl or ethyl, the 01 1 groups 
are ris to each other; when 


H 

n 

Graup R Syn 
OH as 



H 



OH 



OH 


Grai^ R anti 
OH frans 


OH 



OH 


R — isopropyl, the predominant 
conformation is that with the 
OH groups Irons (the band aris- 
ing from iiilramolecular bonding 
is weak). Compounds with R — 


Group R anfi Group R syn 

OH CIS OH trens 

Pig. 11-68 Staggered epnloraiatbrns of 1,2-di- 
alkyletbyleneglyeola, 


frt (-butyl exist exclusively in the 

Irons conformation (R anii). Table 11-84 shows that in compounds RjCOH— 
— COHR,, the difference Av increases with the volume of R. When R = ferf-butyl 
(174), AvOH has the highest value (170 cin“*). It w.i8 suggested that the repul- 
sion between the four methyl groups results in a deformation ol the molecule 
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whirh brings the two OH groups closer to each other [41]. Av values in substi- 
tuted 1, S-propanediols vary between 52 and 113 cnn. The value in 1,3- 
propanediol (AvOH ^ 78 cm'^) IS small cf. 1, 4-butanediol (155 cm'^). 

Fur a number of 1, 3-propanediols IlR'C(Cll|OH)|, mean AvOH values 
are given in Table 11-85 [42]. 

no, yR 

»'V ^""1 on on 

•l " -< 

II « 

In monosubstitutcd compounds {17S) R— I], R'-^H), the volume of sub- 
stilueut R' does not preclude the formation ol a hvdrogrn bond (Av has ap- 


Table II-IS vOH valUM in BH'C(CH,On[), [42] 


H 

A 

AvOH (DMan value)* 
em"' 

11 

li 

7S 

H 

Primary alkvl 

85 

11 

Sccondaiy alkyl 

84 

11 

icrtlary alkyl 

85 

Cl I. 

Primary alkvl 

88 

CI^ 

Sriondary alkyl 

86 

Clla 

Tertiary alkyl 

89 

C,H, 

Pilmary alkyl 

Ulfill 

89 

tx 

Cll,OH 

Cll|OIl 

68 

<x 

U 1,011 

CHjOll 

63 

c< 

CHiOli 

GH,0[I 

86 

a 

GH,OH 

89 



Fier vOII with fri'qurncus 3CJ7 3640 enr' was talipn 
u standard. 
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pwinttely tlie aaiM value). lu 2* 2Hii»nbstitttted compaonde, AvOH ineraasei 
slightly. However, if one of the lubatituents is a tertiary group, Av decreases. 
It is bought that in this case the bulky group draws the two Oil group! 
further apart. 

If R and R' in formula {17S) are three- or four-membrred eycIoalkaiK 
rings (see T.ible TI-SS) Av derreases (431. 

The effect of substituents in 1, 4-diols is completely different from thal 
in 1, 2-diols [44]. The interaction between the two OH groups in the 1, 4- 
positions is favored. In 1, 4-butanediol the difference be^een the free vOR 
frequent y (36.36 cm“^) and the hooded vOH frequent v (.3477 cm"*) is 159 rm"’ 
(Fig. 11-69). 



tanedlol; 0.005 M solution In CCI 4 [44] 



It should be pointed out 
thal in Lontrast to 1, 2-diols (sec 
Table 11.81) in meso-isomers Av 
IS larger than in racemic isomers. 
Cvtlu* compounds show a similar 
behavior. In rycloalkane-l , 2- 
dimethanols (1, l-diols), Av is 
larger in trans than in ns isomers 
sshirh IS opposite to 1,2-dihy- 
droxs cycloalkanes [16] (see Ta- 
ble 11-86). 

A largei volume oi the sub- 
stituent in 2, H-disubstitutid 
1. 4- dioN lesults in increased Av 
values, similai to the 1,2-diol 


seriis [llj. Ill 2, 2, .3, Metra-elhvl-bul.iii(riiol-l,l, Av-196 im"', comparable 
to 1, 1, 2, 2-tetia-l-bulvl-ethanediol-l 2 (Av=:170 rm”^). Ihe stiength of the 
hvdrogen bond expressed in terms ol AvOH values is an efficient tool for 
establibliing the conformation (Tables 11-86 and II-B7) 

In the (j'clonlkene senes the situation is slightly different. 1, 2-Dimetha- 
noIcyclnbutene-3 (planai ring) and 1 ,2'dimethano)biGycluhepteuc (a iigid 
system) do not differ from saturated analogs However, in the six-membeted 
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Taile 11.87 Av Vahm la mm- ML U«y«llM.Mlall [44J 



CH,0>1 

CHiOll 




CilfOll 

CH,OU 

a 

^ ^ CIIjOH 

a CTl,OH 

Gii,on 



vOH 

vOH 

AvOH 


hiM 

bonded 

cU 

3634 

3507 

13^ 

irattB 

3635 

3498 

137 



.1632 

3501 

131 

tl tfllA 

.‘Mi34 

3475 

159 


eU 

3634 

3502 

132 



3533* 

101 

trana 

3635 

3401 

144 



3531" 

101 

endo-eis 

3623 

3498 

125 

fXO-CI3 

3623 

3487 

136 

(fiiiu 

3635 

31% 

130 



CII,OH 

ns 

3623 

3100 

133 

GHjOll 

tram 

363r) 

3177 

150 

CHjOH 

cii 

3623 

34!)8 

]2s5 


tram 


_ 

_ 


ClIjOH 



ClljOll 

fl> 

\ 

CIi,011 

Iron* 


ClljOll 

cfic/o-ru 

CH,OH 

exO’CU 

irons 



* Shoulder 


3638 

3551 

87 


3472 

166 

3636 

353 1 

102 


3517 

119 

3625 

349 1 

131 

3023 

3487 

136 

3636 

3503 

133 


ringi the variation Is reversed. In the .saturated .series, Av is smaller in the 
CIS isomer than in the irons. 
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In the nnsaturatvd aeries (e.g. 4-cyclohexene*l, 2-dimethanol), Av rfs 
is larger than Av trans. 

b. Cyelio diola, eyeloalkanedlol9« The vOH vibration is of special value 
in oatablishing the conformation of stereo isomeric cyclic diols. vOH frequen- 
ries of some five-and six-memhered cyclic 1, 2-dioIs are shown in Table 11-88. 

Table //-IS vOH fr«eaemlM (enr*) In eyelte dlels* 


Cyclic diol 

free vOH 

tKindod vOH 
(IiitiBnioleeular) 

r»-lp 2-cyclopentanedlol 

3033 

3572 

irans-1, 2-cyclopehtaneiJirjl 

362U 

- 

ris-l, 2-cyGlohexanediol 

3626 

3587 -3405'** 

(rofu-l, 2-eycloliexancdiol 

3634 

3602 

cif-lp 3-cyclohexanedlol 

3619 

3544 

frant-l, 3-cycloliexanedlol 
cb-1, 4-cyclohexaaediol 

3620 

— 

3629 

- 

(rons-lp 4-rycloliexancdlol 
cto-1, 2«tclrahydroiuiphtha]enediol 

363U 

— 

3C18 

3575 

fro/is-l p 2-iPtrahydronaphthalciicd iul 

3606 

- 

franB-9, lO-dihydroanthrarencdiol 

3607 

- 

nV9, lO-dihydroplicnunilircnodlol 

3605 

:mi 


* 0.005M cr.l, soluliun; 1,11*’ prism. 
** solid. 


In ns-1 , 2-nycIohexanc(liol (chair form), one of Ihc two OH group.s is 
oxial (a) and the other equatorial (e) (776). In the (runs isomer both groups 
can be cither axial (fl, (i) (777) or 
equatorial (r. r) (HU) |45J. 

If one uses normal values for 
interatomic dislaiices and nngle.s(C 
-C: 1.54 A, C- 0: 1.42 A, 0-H: * 

0.%Aand<tC(:(): 109'’28', <0011: ' 

108''), the calculated -0-11... 0- 
distance in ci.v-1, 2-ryclohcxane- 
iliol is 2.3 1 A. Tlie spectrum (Fig. 

11-70) .shows Ivo bands: free vOH at 
.1020 cm”^ and bonded vOH al S-WS 
cm“i (Av-30 cm”^). 

In /ifln.f-1 , 2-ryrlohexanedinl, 
the di.stnnce - Oil ... 0 calculated 
for the axial couforniation is greater pjg_ u.^q jnfrarrd spectrum o/ eti-1,2- 
Ihan 3.3 A, and for the equa- cyriohexuncdloi (Jri) and (S) <faB«-l,2-cyrJo- 
torial eonformation (r, c) it is 2.31 A hcxanediul (/ri). 

(see Table 11-89). The spcrtriim sho w s 

the bonded OH baud at 3002 cm”’, at a distance of 32 ciir» from the 
free OH band (3631 cm"’). Consequently, the molecule exists iii the equator- 
ial conformation, which i.s also energetically more favored. 



J650 ~JiOB 35ie ~J650 JISBO Cm-' 

(0) (b) 
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This relation enables tbe caleiilatjon of the OH ... 0 distance (16a...o) 
in angstroms [37, 46]; for example, in cis^l, a-cyclohexanediol, Av cm*^) 
is larger than in the franc isomer (Avs«32 cm*^). The calonlated OH ... 0 
distance is the same for both isomers (2.34 A, see Table 11-89). By applying 
the above relationship, a distance of 2.38 A results tor the irons isomer (e, e) 
which explains why hydrogen bonds are formed less readily, ef. the cis iso- 
mer (a, e). 

In cts*1 ,2*cyclopeulanediol (180), Avs=61 cm*^ corresponds to a OH> • *0 
distance of 1.84A. 

In cyclic 1,2-diols with rings from 5 to 16 carbon atoms, Av valueH 
vary with ring size [46] (Table 11-90). 


Table H-St vOH tresenMlM In rytlle Slnto f461 


1,2-DloI 

vOH 

free 

vOH 

bonded 

Av 

cb-cycl(^entane 

3633 

3572 

61 

fraiu-cydopeniaiie 

3620 

- 

- 

cfa-cyclohexane 

3626 

:]588 

38 

/rana-cyclohexaiie 

3633 

3600 

33 

cb-cyclolieptanr 

3632 

3588 

44 

from-cycloheptanp 

3626 

3589 

37 

eifl-cyclooctaae 

M35 

3584 

51 

fraru-cyrlooctano 

3631 

3588 

43 

CM- cyclononane 

3631 

3582 

49 

/rons-cyclononane 

1632 

3587 

45 

c/s-cy do decane 

3629 

3585 

44 

//o/M-cyrlodecane 

3633 

3588 

45 

cu-cyclododerane 

3629 

3591 

38 

frana-cyclododecanc 

3635 

3584 

51 

cfi^L yclohexaderanp 

J632, 3626 

3591, 3587 

— 

(rons-cycldiezadecane 

3635 

3585 

50 


In //(i/ii-diols Av increases n itli ring size, reaching a maximum 
\nlue 1)1 50 cm~^ in the tvelvc-mcinbereil ring. In rft-diols, 
a plol Ilf Ihe viinution m Av with ring size shows a minimum 
ioi Lhe six-membered ring and a maximum for the eight- 
and tvelve-membcred rings. 

The coiielusiun dravn is that in 1, 2-diols with rings loiger than 
10 atoms, OH groups in ban^ hsoraers are cIomt in space than iii rr.r 
isomers. In rings smaller thun eyclodeeane, the OH groups are closer in cii 
isomers [16]. 

The strongest hydrogen bonds are formed in cu-l,2-cyclupentanediol, 
where the two Oil groups are almost eclipsed. In fi an5-l,2-cyclopentanediol, 
the OH groups are too far apart to form hydrogen bonds (Table TI-90). In 
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nix- to nine-membered rings, the cis diol forms stronger bonds than the tram 
isomer. This shows that &e cis OH group is easier to distort. In the ten- 
mombered ring the differences are minute nnd in the twelve-membered ring, 
the Oil groups are closer In the irons isomer than in the els isomer. This 
behavior can be explained if one allows that in large rings the irons diol 
adopts the anii staggered conformation of butane (Fig. II-71a). In this case 
the two hydroxyls are close in space. The change to ^ staggered sgn forms 
Is easy, because in these rotations the ring carbon is not eclipsed. 



Fig iJ 71 (^uiironiiatiiiii of large ring l,2-cyrl5alkanedtoU. 


In Ihc ns isomer, the anti staggered cnnformnliou (Fig. II-Tlr) does not 
form livdiogeii honds. In the sr/n staggered runformation (I'lg. 1(-7Irf), the 
IimIiosnI groups come ( loset by eilipsiag the ring eorbon |10|. 


Jaiflf U-Ul vCMI \a\u%t In §oine i*yelohpzHiic>diolii [47] 


l4ompuun(1 

Lonfoi- 

mnlioii 

Free vOlT 
on-* 

Bonded vOH 
cm-* 

rts 

(VI lohcxaiuiliol-l, 2 

0, r 

3620 

3588 

1 JiiL'thylcyrlolu vaiied ml-] , 2 

0, P 

3628 

.)584 

l-clhylcyc]olirxanc(iii>l 1, 2 

a,e 

3628 

3583 

l-jsu])i(ij)ylrvcli)hoxiiiii(ljol 1, 2 

a, t 

3629 

3582 

iiuns 

ryclohexaiK'diol ], 2 


.1631 

3600 

1-mfthyJryrlohL\anrrliol ], 2 


3618 

3597 

1-1 IhvkYt'l^’kexdJioiliol-l , 2 


3627 

3600 

i-isopnipylt ytlfiki'xanrdiol-lt 2 

( 1 , a 

3018 

3623 

- 


The frequencies of fiec and bonded Oil stretching vibrations hnsc lieen 
used lo determine stable conlnrmnlions in a number of cyclohexaiu'diols when* 
suh.stituent<( compete for Ihe equatorial position [47]. 
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Studies of iofrared spectra of c{s«-and frona-l-metbyl (JSJ), l*ethyl (Idlf). 
and l-isopropyleyclohexaoediol*l,2 (ISJf) enabled us to establish the equa- 
torial, the axial conformation of the secondary OH versus the tertiary OH, 
hence the axial or equatorial orientation of the alkyl grou]i. Prom vOII fre* 
quencies it could be also inferred which 0— H group is involved in iutramole- 
cnlar hydrogen bonding. The observed vOH frequencies are shown in Table ll-i|l 
^e free vOH frequency was compared with OH frequencies in axial secon- 
dary monoalkylcyclohexanol (3627 —3632 cm~^). equatorial secondary 
(3622—3623 em'^), axial tertiary (3618 rnr>), and equatorial tertiary 
(3613 cm*!). 

The energy of the hydrogen bond between the two equolorial OH groups 
in l-methyl-fraas-eyelohexaiu'diul-l, 2 (187) is surficient to luaiiilniii the Cllg 
group in axial po.sitiou. In the spectrum (Fig. 11-72), the free Oil rretfiieney 
corresponds to the tertiaiy Oil group at 3618 The frequency of the 

associated OH band is 3597 cm~!. (Consequently, the two OH groups are 
equatorial and the hydrogen atom of the secondary OH is involved hi 
bonding. 

In I-ethyl-/rans-cyclohexanediol-l , 2 (IS2), the elhyl group rompetes 
for the equatorial position. The spcclrum shows a mixture of the two isomers, 



OH 

u n/T 

”3*^ OH 

( o . q ) 

(m) 



Fik II 72 Iiiirured spectra of alkyIcycIoliexaaedlols(/S7), and (HI) in llicOH 
stretching vibration region (in CGIt) 


n,Tniely, a rninponnd with two axial hydroxyl gronjis and an equatorial ethyl 
group and another one with the two equuloiial OH groups and iiii axial ethyl 
group. 

The a, a isomer does not form an intramolecular hydrogen bond, and the 
spectrum shows the frequencies of the free secondary and tertiary hydroxyl, 
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iH 

lit 3627 c]n~* and 3616 cm'^, respectively. It is believed that the bmul is fo^ 
laed by the hydrogen atom of the secondary hydroxyl. The bulkier isopropyl 
group in l>isopropyl*frans-cyclohexanediol-l, 2 (766) occupies the eipiatorial 
position exclusively forcing the two hydroxyl groops into axial positions. 
Hey cannot form hydrogen bonds, and the spectrum shows a single unresol* 
ved band ot 3625 cm*^, containing both the secondary axial vOH and the 
tertiary vOH ^g. 11-72). 

This study [47] shows that in traia-l, 2-diols the secondary equatorial 
hydroxyl is preferentially involved in intramolecular hydrogen bonding. 
The frequency of the free hydroxyl corresponds to a tertiary OH group 
(3618 cnr>) (m). In the stereuisomeric cis-1, 2-;dinls with one axial and one 
equatorial OH group, the equatorial hydroxyl is involved in hydrogen bonding, 
whether it is secondarv or tertiary. The frequency of the free vOH is 3628 cm"* 
(axial) (Table 

Spectra of secondary frans-l,2-diolR of l-metbyl-4-isopropylcyclohexane 
{184-18^ show that the methyl and isopropyl groups are preferentially equa- 
torial and the OH groups axial [20, 17] (Fig. 11-73). 



Fig. IiifrciTcil spectra of l-inelhyl-4>i8opropyl*1,2-rran«'dbk in the O-H stretching 

vibration region (in CCy [17], 

(a) (III), (b) (111), Hid Ir) (lit). 


In 1 , 2-dihydroxytetraliiie and 9, 10-dihydroxy-!), 10-dihydropheiiaii- 
threnc, only cis isomers form hydrogen bonds [37], 

AvOH values were used to establish the conformations of some diols in 
the tetraline [48], decaline [49, 50], and perhydroindane [51] series, shown 
in Table 11,92. 
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c. IntamHrieeiilar hydrogen bonda. At higher roncentrationa, infrared 
spectra of diols show a third band arising from the inteimnlecular hydrogen 
bonding of the hydroxyl group. This new absorption shows all the ebaraeter* 
istics observed in mouohydroxylic alcohols (strong, broad bands). The ex- 
tinction coefficient falls on dilution and is pracUrally zero at concentrations 
below 0.004M. The intermolecular assoeiation of diols results in a larger shift 
of the vOH band than intramolecular bonding or dimerization by means of 
hydrogen bonds. The free vOH frequency in diols is ca. 3626 em'^ The intra- 
molecularly bonded OH group absorbs at ca. 3583 enr’, and the iiitermolecu- 
lorly bonded OH, at 3477 cm“i. 

The OH groups iii diols can form hydrogen bonds in the piesence of mole- 
cules acting both as proton donors and acceptors. 


Tabu vOH viIbm tnd Um nonlornuilloii of Mime diole 


lIlOlH 


OH potltloo 

IFee vOH 

bonded vOH 

Av 

CxinfOmiatfon 

oo: 

OH 

OH 

a, 3 

2.3 

m2 

mo 

3590 

350R 

32 

32 

eu 

tram 

ca 

OH 

2p, Jp 

3625 

3592 

93 

cU 

2k, 3a 

2k, sp 

3632 

3627 

3587 

3597 

45 

30 

cU 

trails 


on 


3623 

3592 

31 

cU 

ca 

OH 

OH 

5.6 

■»,!> 

3623 

3627 

3597 

3394 

14 

39 

cU 

frOfU 


Figure 11-74 shows the absorption spectra ol pinaeol {{187), R — CH,) 
ill 0.006M solution containing only the free and intramolecularly bonded 
vOII bands (Curve 1) and in 0.05M solution where all three types 
ol bands are present (Curve 3). Curve 2 represents the spectrum of 
<1 0.0006M solution with added HCl and Curve 4 a 0.05M solution in 
ethyl ether. 

On adding ether (hydrogen acceptor) the intensity of the free hydroxyl 
band falls substantially, intramolecul.ii vOH is prartirally unchanged and 
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Pig. 11-74 Infrared sprrtruni of pinacol in the OH stretching vibraliuii 

region. 

I/) 0.006 M bolullon In CO. ; (S) in the pmence el HQ; (J) In 0 05 M 
nlationi (S) in Ihr pmenee of ethyl ether. 


the baud ansiiig from intermulrcular hydrogen bonds beromes stronger due to 
assuciatJun between alcohol and ether molecules (ISS). 

Cl-H O-H O-H O-H O-H 0 -H 0-H 0-H 

II I .. I I I 

H-C C -R HCl H- C C R OR, R C - C-R R 

I I X 1 I - I I 

HR HR R K 

(Ilf) (iir) (III) 

On adding IICl (hydrogen donor) the nett hydrogen bond is formed with 
the oxygen atom not involved in intramolecular association (1S9). The free 
vOH band remains unchanged, whereas the intensity of the intramolecularly 
bonded vOIl decreases, because of its additional involvement in the inter- 
molecular bonding between alcohol and hydrochloric acid [ 37 ]. 

3. Hono* and poljhydraxylie phenols 

The frequency of the free OH stretching vibration in phenols lies in 
the range 3504—3615 cm*^ [37, 52, 53|. In dilute solutions of phenol and 
alkylphenols iu nonpolar solvents (CCI|, C 1 CI 4 ), the band arises at 3612± 
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±2 cm'^ [53]. Alkyl group* in tb« msta or porn position do not alter the 
frequency of this vibration [54. 55]. However, orfAiMlisubstitated alkyl 
phenols absorb at higher frequencies [56]. In the vapor phase the frequencies 
arc higher. Phenol absorbs at 3655 cm*^ and alkylphenols, between 3655 
and 3670 cm"* [57]. 

The decrease in vOlI frequency in phenols (cf. alcohols) is due to conju- 
gation between the unshared electrons of the Oil oxygen and the rc 
electrons of the aromatic ring {190) [58]. This results in a decrease 
iu the 0— H bond force cunstont and a simultaneous increase of the 
G— 0 bond order. 

Phenols form intermolecular hydrogen bonds more readily than alcohols. 
The interaction between the phenolic OH and various electron donors has 
been studied extensively. The hydroxyl group in associated phenol absorbs 
at 3300 - 3500 cm"* (dimers at ca. 1 500 cm"* and polymers at ca, 3320 cm"^ 
[52, 59]). 

As in alcohols, the value of the Av shift of the vOH band provides infor- 
mation on the strength of the hydrogen bond am’ hr type of assoriation [50]. 



(ae) 


It wa.s shown that in concentrated solution nwta and para substituted 
monoalkylphcnols, form polymeric a8.soriatiuns absorbing at 3322 cm"* 
(Av— 47 cm"*). The strength of the hydrogen bond (evaluated from Av) is not 
influenced by the nature or volume of the substituent (Av is the 
same for alkyl groups such as methyl or feri-butyl or for OH, NH|, Cl, 
etc.) [59]. 

In 2- or 2, 6-substituted phenols the vOIf frequencies are shifted by 
virtue of steric hindrance of the substituent, liy comparing the AvOH value 
in phenols with that in alcohols, alkylphenols have been classified as steric- 
ally hindered, partially hindered, and normal [60—63]. orfAo-Disubstituted 
phenols with bulky alkyl groups (e.g., di-ferf-butylphenol) do not have absorp- 
tions in the bonded vOH region, which is in agreement with the chemical 
properties of the OH group in these compounds. The spectrum shows a 
single strong band of the free hydroxyl, at 3643 cm"* [56, 57, 59]. Substi- 
tuted phenols with a single alkyl group in the ortha position have a much 
smaller Av value than sterically normal phenols [59, 62,\63]. It was assumed 
lliai these molecules arc as.sneiated a.s dimers [59]. 
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Spectra of 2>fer/*alkylphenols sbow two absorptions in the free vOH 
region (56, 57, 64]; for example, 2>/erf-butylphenoI has a strong band at 
3605 cm*^ and a weak band at 3643 cm"* (Fig, U>75). The frequency of the 

first band corresponds to the OH band in free 
phenol. The second, weaker band has the same 
frequency as that of the OH group in 2, 6>di- 
/erf’butylphenol (3643 cni"^). This was explained 
by the coexistence of the two geometrical isomers 
CIS (J9T) and tram {192). Consequently, the 0— H 
bond in the hydroxyl group which is coplanar with 
the benzene ring can be oriented toward the tert- 
butyl group or in the opposite direction (56, 57 1. 


3m 35000. 

Fig. 11-75 Infrared spectrum 
of 2-ferl-butylphenoJ (solution 
in CClg) in the vOH stretching 
vibration region. 


The lower frequency band, analogous to that of free phenols corresponds 
to the trans configuration {192) and the weak higher frequency bond, analo- 
gous to 2, C-icrf-butylphenol corresponds to the cis-configuration {791). 
By measuring the intensities of the two absorptions 11 was determined that 
2-fcrf-butylpheno] contains ca. 6% cis-form [56]. Cis-tram isomerism is nmiii- 
tained both in the vapor phase and in solution |57]. Frequency and band 
intensity have been extensively studied in a number of o-ferf-alkylpheuols 
[56, 57], It should be pointed out that the Oil frequency in 2, 6-di-frrf- 
butylphenol (3643 cm~^) is higher (-l-SS cm~^) than that of normal phenols. 
This cannot be explained solely by the -f I effert of the alkyl groups (whirh exist 
in the rncta and para imsitions as well and where the frequency is normal). 
A more complicated steric interaction between the hydrogen atom of the 0—11 
group and the alkyl grou]i has to be taken into account. 

Spectra of substituted phenols with electron-donating atoms or groups in 
the ortho position, capable of forming hydrogen bonds with the phenolic OH 
show, along with free vOH bands, hands arising from intramolccularly bonded 
OH. In this rase the bonded OH band has a lower frequency. The intramole- 
cular hydrogen ])ond in o-haloplienols was considered as proof for the p-n 
conjugation in phenols, possible only if the OH group is coplanar with the 
benzene ring [65]. Spectra of dilute solutions of o-chlorophenol show two 
bands (at 3609 and ^47 cm~^). They were explained [65] by the existence 
of an intramolecular hydrogen bond of the cis-form {19S), more stable than 
the Irons form (f.V4) by 2-3 kral/molc. 
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Hie higher frequency band (3d09 ctn*^) is assigned to the free OH vibra* 
tiou of the trans fnmi and the lower frequency band (3547 cm'^) arises from 




Table I/-U OH fra|melM 
kaloj^oMli 


the itilnuiiolecularly bonded hydroxyl (0—11 ... Cl), possiLle only in Ihe 
ris Jhonier. The baiiio phenomenon occurs in o-brumo- and o-iodophenuls (66] 
(Table 11-93). 

In 2, 6-dlliromopheiiol.s the two struc- 
tures are equivalent (I9S). The spectrum 
shows a single band arLsing from the intra- 
molecularly bonded hydroxyl. 

Di- and poly hydroxy lie phenols uith 
adjacent Oil groups lorm intramolecular 
hydrogen bonds. Catechol (196) (in dilate 
solution) shows two bands, at 3612 cm~^ 

(free vOH) and 3568 cm*^ (intramolecularly 
bunded vOlI) (53). 

In o-diphenols substituted with alkvL Cl or NH, group.s the bunds occur 
at .30104-5 and 3560110 cmT^ (Table 11-94). 


OH 

0 

free vOH 
cm-* 

bonded vOlI 
cm** 

F 

— 

3692 

Cl 

3609 

3547 

Br 

3604 

2529 

1 

3600 

3527 


Table JI-94 vOll IrequemlM (iiiii~') In nilMtUiilca phriioh and raterbuls 


Sublit Itupnl 


Pbanol 
Iror vOH 


Catedwl 

free vOIl bondri] vOlI 


4-OCH, 

3615 

3608 

3561 

4- on 

3615 

- 

- 

4-C(CII,), 

3012 

m2 

3569 

4-CH, 

3612 

3612 

3569 

1 -11 

3610 

3612 

3568 

4-C.Il, 

3609 

3608 

.1567 

l-C(C,Ii,), 

- 

3608 

3568 

4-CI 

3603 

3606 

3564 

4-COOC|H, 

3601 

- 

- 

4 -NO, 

3604 

3502 

.1550 
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OH fn^quoncii’S of substiliilod phenols and caU'ihoIs in dilute CClf solu- 
tion are compared in Table 11-94. 

4. Functional derivatives ul alcohols 

a. Ethm 

Etliers have characti'rjstic C--0— C bonds. The force constants of the 
(1 0 bonds are close to those of C - C bonds and the masses of oxygen and 
earbon atoms are comparable. Consequently, the frequencies of C--0-C 
vibrations are close to frequencies of C— C vilirations. The C— 0— C bands 
arise in the C C skeletal vibrations region and the a.ssignments, rendered 
more difficull, arc not always characteristic. However, since the dipole- 
moment variations of the polar C -0 bond arc murh larger than in C— C bonds, 
the vC- 0 bands are stronger than vC— C bands. The identification of ethers 
in the presence of other oxygenated organic compounds (alcohols, carbonyl 
rniii)ionnds, acids, esters) is difficult and oilier regions of the spectrum must 
also be studied. 

a. Saturated aliphatie athen. The frequency of the asymmetrical .stretching 
mode of the G— 0— G bond in saturated aliphatic ethers is 1070—1159 era"* 
[67—69]. Tlie symmetrical vibration occurs at a frequency of ca. 910 cnr^. 

Dimethyl ether in the vapor phase absorbs at 1122 and 940 i*m“* [70]. 

In spectra of higher members, the vC— 0— C absorptions lie in a broader 
region: 1070-1250 cm"^ |71J. 

b. Unaaturated and aronialie eihera. The.se compounds have in their 
structure the group C-C— OR. The irequency of the — C— 0 group is higher 
than in aliphatic compounds and occurs in the range 1200—1260 cm**^ [69]. 
In a number of vinyl ethers CHs^CIl-OR, the asymmetrical vibration has 
frequencies in the range 1200-1275 cm”* and the symmetrical vibration 
between 1020 and 1075 cm"^ [69|. The sym vC-0— C band is weaker. 

On comparing spectra of (is and frans-methyl-l-dodecenyl ethers, it has 
been observed that the cis isomer {197) absorbs at 1260 cm~^ and that its fre- 
quency is 60 em*^ higher than in the trans isomer (19^). The same difference 
has been observed in stereoisomers of methyl-l-dccenyl ether [72]. 

CH,(CH^-CH CM,(CH|),-CH 
I I 

rjf,-o rji 

Un) 


HC- o-cii, 

(m 
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The CwsC stretching vibration in x, ^unsntttnted ethers gives rise to 
strongier absorptions than in alkenes. fronflsomers have lower CskC frequen- 
cies (1650 cm~^) than cis isomers (1670 cm*'^). 

In aromatic ethers the aspnmetrical vC-0— C absorption Joccurs at 
1250 cm*^ and the synunetrical one, at l(Ki0~1040 cm*^ [73]. These bands have 
relatively constant positions, even in more complicated ether molecnks. 

1. 0— CH, group. Methyl ethers containing the 0— CH, group have a 
strong absorption at 1110 cm*^ [72]. The frequencies of the CH« group are 
also characteristic. The frequency of the symmetrical stretching vibration 
(vCH| sym) falls to 2615—2332 cm*^ when the 0— CHj group is attached to 
an aliphatic group [74, 75], and to 2850 cm*^ in aromatic compounds [79]. 
The asymmclriciii vibration has a frequency of 2970—2090 cm*^, whi^ is 
not rharacteristic (the ethoxyl group 0-'C.H, absorbs at the same frequency). 

2. O-C(Gll)), group. The skeletal vibration of the /eri-biityl group in 
hydrocarbons absorbs at 720—770 cm“>. In -0-0(0111), the frequency 
rises to 820 - 920 cm*^ because of the vicinity of the electronegative oxygen 
atom |76]. 

c. Cyclic ethers. In cyclic ethers the vibrations of the 0--O- 0 bond are 
not as distinct as in acyclic ethers. They are strongly coupled with vibrations 
of other ring atoms and are rather considered as vibrations of the whole ring 
system. In the corresponding region of the spectrum the pattern is dependent 
on the ring size [77]. 

1. Cyclic ethers with Ihreo-manbtred rings (epoxides). For the first memlier 
of this series, ethylene oxide, a complete vibrational analysis has been carried 
out [78]. Fundamental frequencies and vibration types are shown in Table 
11-95. Propylene oxide was also analyzed [80], 

Table II-9S ErequeneleB and afslBnioentB In etliyl«ne oildp [7Q] 

AMlgnmeiit Speciei Type of vibraUm 

3U05 strelching (vGH) 

3063 
3019 
3079 

1490 CHg scissor uig (3CH,) 

1470 

1120 GH| out-of-plane wagging (3G11|W) 

1133 

1345 GHj DUt-of-pJanc twisting (SGH|I) 

1143 

S07 GH, in-plane rocking (yCHir) 

82 ] 

1266 Ring (pulsation) 

B77 Ring deformation 

892 

The frequency of the C— H stretching vibration in epoxidee is comparable 
to that of the C- H bond in cyclopropane. It occurs above 3000 cm"^ and is 
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Dbaracterutic for the strained three-membered ring. Ueponding on the degree 
of substitution of the epoxide ring, the frequencies are in the range 3000*-* 
3060 cm"^. The bond moves toward lower frequencies on increasing the degree 
of substitution. The vibration of the tertiary C— H bond in epoxides with 
straight chains (199) or in unstrained six-membered cyclic compounds (SOff) 
has a frequency of 3000 em*^ [81 J. In epoxides of five-membered cycloalkenes 
(201), the frequency rises 1o 3030— .3040 cm">. In bridged bicyclic systems, 
the frequency corresponds to the size of the cycloalkane ring attached to the 
e]) 0 xide. The epoxide ring attached to the end oi the chain and thus contain- 
ing the CH, group gives rise to the highest frequencies, 3040- 3050 rm~^, 
corresponding to the fre((ueiiry in cyclopro])ane [74], 

Substituted epoxides have three strung characteristic bands, at 750— 
1280 cm"** assigiu'd to ring \ibri\tion.s: 750-875 ciu"^ (12 p), 810—050 cm"’ 
(11 p). and 1230-1280 cm"’ (8 p) [82-85] (Table 11-96). 


H, 

R 




/ij 


Y 



(I'/V 


ijoo) fxoi) (tex) 


Table 11-98 Mnneterblle frsfieneim lo the 750 — lasi rmr^ raglra [85] 


Kpozidr 


FTMinency, ran"* 


TrUubstituted 1235 -1279 810-DS0 805 -875 

DiHubslituted 1235-1280 810 - 050 775 -875 

Monorabitilutrd 1235-1280 810 - 950 750 - 770 


(^harirteristic freciuencies for a number of epoxides with chararteristir 
slriiclures are given m Table 11-07. 


Table II~97 IlharantwliUr fniqueDvIri In epoSddM L65J 


Kpoilde 

J'tequnioy, cm’* 


2. 3-cpo3cy-2, 2, 4-trinictliylpcnUnc 

1266 

611 

751 

Ip 2-epoxy-2p 2p 4-triinethylpentaiu‘ 
rpuxycyclohexanr 

1252 

861 

792 

1263 

891 

912 

1, 2-epozyoclane 

1253 

019 

834 


The 1230—1280 em"’ band (8 p) is maintained (approximately constant) 
ill all ejHiMflcs (Tiibicb IT-015 and 11-07). In the 812- 0,50 cm'^ (II p) the fre- 
quenry is variable. 
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The ttO car* band (12 {i) is Mositive to stnictaral ehaoies. The foltowing 
limiti have been set for this absorption depending on substitution (66]: 

triiobititutod GonqiouiMUi cor*’: 

dlMilMtltated eonvoundit 775 -847 enr^; 

awBOnbitltttted Bompmqds, 806- 877 enr^. 

2. Four-membfnd cgclie ethers. By analogy with other cyclic ethers the 
strong band at 970—980 cm"^ was assigned to the ring vibration (77, 66]. 
Sometimes the band occurs as a doublet with a strong component at 970— 
1000 cm*^ and a weaker one at 940—950 cm~^ [67]. In some compounds this 
doublet is accompanied by n band at ca. 900 cm*^. It is of variable position 
[77, 78). Other character islic absorptions are those of Cl I, and CH, groups 
in substituted compounds. The. deformation mode band 6011, rv occurs at 
1200—1250 cnr^ (1^0 cnr^ in trimethylene oxide ) [77]. 

3. Five- and six-mmbered cyclic ethers. Studies connected with the fura- 
nosic and pyranosic structure of sugars prompted extensive investigations of 
five- and six-membered cyclic ethers [78]. 

The planar or nonplanar conformation of ietrahydrofuran and deuterated 
tetrahydrofuran [88] was widely discussed [89-91); the proposed assignments 
are slightly different [92]. 

In 2- and 2,5-alkylsubstitutcd compounds the absorption occurs iit 
1075 cm“\(77, 93J. The frequency falls to 960 cm"^ in the tetrahydrofuran ring 
condensedVith 'another ring. .3-Alkylfurans have also been investigated [94 J. 
In six-meinbered cyclic ethers (tetrahydrop 3 rrans) the analysis of vibration 
modes has-been carried out and assignments have been made for the chair 
form [89]. In six-raembered hydroxy-ethers a hydrogen bond between the ring 
oxygen and the hydroxyl group may occur. The vOil frequenry was used in 
assignments of conformations of some Iclrahydropyranols and 1, 3-dioxanols 
[95]. The observeil vOU frequencies are shown in Table 11-98. 

Tablr fl-SS vOII IrBaaeueles (Miir^) In lelrahyiropyranolii 
■nd dlosmol |B5J 


Compound Free vOH Bonded vOH 

1 , 4-lctmhydropyranol (SOg) 3G20 - 

1, :i-tetralivdr(q>yranol (S04, 20.!) 3620 .1604 

1, ;i-dioxan-.'i-ol(Se«, 207) 363.'! 3594 

The absenee of the intramoleeularly bonded vOH band in 1, d-tetrahydro- 
pyranol (Fig. 11-76) is eonsidered proof for the chair conformation (203) of the 
molecule. The formation of a hydrogen bridge would be possible only in a boat 
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conformation {i98a) which is known to be thermodynamically unfavored. 
In this instance the energy provided by the formation of a hydrogen bond is 
not sufficient to convert the chair form into the boat form. 

1, 3-Tetrahydropyranol shows both free OH and intramolecularly bonded 
OH absorptions. By analogy with cyclohexane, one would expect the OH 
group to be equatorial (20i). However, this group can form an intramolecular 
hydrogen bond only in the axial position (BOS). The intensity of these bands 



Fig. 11-76 lofrared spectrum Fig. 11-77 Inlran^I sprclrum of 

of 1,3-tetrahydropyraiioJ m .1 hydroxy l.-'l iIidxhii in the 

the vOIl stretching modr vOIl stiptrhiiig nioiir irgioii 

region. 

sliow.s the existence nf an equilibrium where 01] equaloiial and Oil iiMal 
chair forms are present in a 1 ;1 ratio. Consequently, the energj of the hydrogen 
bond is sutficient to maintain the hydroxyl in the axial position. In 1, 3- 
dioxan-f)-oI, the chair form with axial OH (207) is predominant (h'lg. 11-77) 
|951. 

4. Bridged compounds, In polyryrlic compounds with oxygen bridges, 
the frequenr,y of the C -0— C bond occurs at 990- 1020 cm"^. 

In a number of pulycyclie compounds obtained by condensation oi diphe- 
nylbenxofuran, the C— 0— C absorption occurs at 1020 cm“* (20f<) |90], 990- 
1000 cm-> (20!f) [97], and 1010 cm-^ (210). 



ruiii toll'. (.11, (Mis 

(iogi (.'tiD _ («iai 
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6. iUUiiB (Oii 9UiaU* Infrared epeetra of ketals and ocetaU (ethers with 
two aHuoty groups attached to the same carbon atom) show 4-5 bands 
betafeen 1040 and 1200 cm~* [98—100]. A number of simple ketals show four 
bands, at 1158—1190 cm*^, 1124—1143 cm"^, 1003—1098 cin*^ and 1038— 
1056 cm*^, assigned to the coupled vibrations of C— 0— C bonds (277). Ace- 
tals (872) have an additional band at 1105—1116 cm**^ 


V“ ' 

K 0-0 

K ^0-C 

K ^O-C. 

(ill) 

(Ml) 


r.yclic ketals and spirokelals in sapngenins with n steroid skeleton show 
several bands between 650 and 1350 ciu*^ flOl, 102]. Dimclhylacctal (873) 
absorbs at 1070, 1088, 1112, and 1125 cm*^, and diethvlaeetal (874) absorbs 
at 1042, 1068, 1112, 1123, 1135, and 1168 cm'^. 


GlI CH 

IljCO^OCH, H.CjC/^OCjIlj 

(£13) (tU) 

The frequency of C— 0-C bunds in methyl glurosides (which cnii he 
considered parlirular cases) lies in the range 1070- 1150 cm”^ 

b. Peroxidrs and hydroperoxides 

These compounds do iiuL have characteristic bands in the infrared because 
0- 0 bonds are involved ill the vibrations of the molecular skeleton as a whole 
and are sensitive to any changes (substitutions) influencing the motions of 
the skeleton. 

The weak band in the 820—800 cni~' was tcutativelv usslgned to the 
--0--0 - vibrations in hydroperoxides [103, 101); in peroxides this band occurs 
at ca. 1000 cm”'. 

Tlic vOII absorption in hydroperoxides (.3150 cin”^) does nut differ in 
shape or intensiLv from that in alcohols. 
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CHAPTER 4 

ORGANIC-SULFUR COMPOUNDS 


Spectra of organo-siilfur compounds have been extensively studied [1]. 
However, group frequencies and correlations are less reliable than in other 
classes of compounds. 
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Budu arUing irtm S—H Untanget m weak, but tht/y are veU'definwl 
and eaa be readily identified. Vibrations of S=0 bonds give rise to strong 
characteristic absorptions. Their freiiaoncies vary with the oxidation state 
of the sulfur atom and the nature of substitucnls. For example, SO, SO), and 
SO) groups can be readily distinguished. Variations due to substltuenU are 
not large enough to enable accurate' correlations. By comparing the S^^O 
with the Csr-O group, useful indications have been ul)taincd in establishing 
factors influencing the force constant in l>oth rases. 

Simple C— S and S- S bonds give rise to weak absorptions of variable 
frequency and of reduced value in stnirlural analysis. 

!i. Thioalfohols, Ihiophenols, and Ihioaridi 

a. S— H bond. The S— If bond occurring in mercaptans and Ihiopbonols 
had been recognized in infrared spectra at nn early date [2-4]. The 2550— 
2600 Gm'~^ band was assigned to this vibration [1, ,3]. Band position in this 
region depends uii the nature of the group ntluched to the S— 11 group. 

Alkylmerraptaiis absorb at the upper limit of the region, tbiophenols 
ill the middle, and thioacids have the lowest frequenry. The bands are weak 
(ca. 1/10 as compared to OTI vibrations) |5]. No hydrogen bonds have been 
observed between alkylmercaptaiis [G, 7]. The frequency dues not vary with 
aggregation state. It is the same in the gaseous and the liquid phase, or in 
solution [3]. The association of the Si I group in mercaptans with N, S, 0 
atoms does not result in shifts larger than 10—20 cm'^ [8], Tbiophenols as* 
soriate with pyridine, picohne, or sulfoxides, in these cases the decrease in 
frequency is substantial [9, 10]. 

btequencies of bonded vSll and vOH bands and Av shifts in mixtures of 
tbiophenols with various sulfoxides are shown in Table 11-99. 

Table il-9t vSD ud vOU frrquenviei (eiii~') In inlxtivM nl mlloxIdM iillh tbtnahMMli 

■nd phennls 


Sulfoxide 


4 TIUophenDl -j- Phonol 

vSIl’ " voii a7 


Dietliyliulfoxide 



3235 

3W 

EU^flphenylialfoxIde 



3285 

335 

DiphuQflsulfiixldr 


H9 

3320 

300 


It can be seen that the shift in thiophenol mixed with dialkylsulfoxides 
is ca. 100 cm*^. It falls to 70 cm"^ in mixtures with phenylalkylsuLfoxides and 
to 48 cm~^ in diarylsulfoxides. The strong bonding in sulfoxides, cf, the car- 
bonyl group in ketones, cannot be explained solely by the greater polarity 
of the S— 0 bond [1]. Thioacetic arid is not bonded and the value of the vSH 
frequency is the same in the vapor phase, the liquid phase, or in solution. 
Dithioacetic acid, however, is bonded. The vSH frequency falls by 80 em"^ 
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ia going irom the rapor to the liquid state (11). The SH group forms strong 
bonds with P=sS and C«oS bonds. The shifts are as large as 140 (12). 

The SH absorption is weak, and in dilute solutions, it is sometimes dif-< 
flcult to recognise. In compounds with COOH groups, the band is overlapped 
by the carboxyl absorption in this region. 

Conformation studies have shown that ethanedithiol HSCH,C1I,SI1 in 
the solid state has a irons conformation. In solution, staggered anii and syn 
conformations arc in equilibrium, ns in the case of di^Ioroethaiic. In dialkyl- 
thioethanes the amount of anti form increases with the volume of the sub- 
Ktiturnt [13]. 

b, G’^S bond. The bands arising from C— S linkages occur at 600— 
700 cm~^. They are weak and of variable position [14]. In aromatic compounds 
the identification is difficult due to out-of-plane CH deformation modes of 
the aromatic ring occurring in this region [7]. Methylmercaptan absorbs at 
705 cm~^ and ethylmercaptau, at 660 cnr^. In higher members the assign- 
ments are uncertain and may be used only comparatively in the same homo- 
logous aeries. 

Comparative studies of infrared and Raman spectra of many thionicohols, 
thioethers, and disulfides enabled a classification of absorptions based on the 
nature of the alkyl group attached to sulfur. The frequency decreases in the 
order mercaptans>thioethers>disulfides [7]. In mercaptans the frequency 
decreases in the order primary >8econdary>tertiary alkyl, and shifts from 
values mentioned below do not exceed 10 rm~^ in a great number of com- 
pounds. 

Primary alky] CHg— S— 685—705 

630-660 

Secondary alkyl R|GH— S— 600—630 

Tertiary alkyl RgC— S— 670—600 

Cyclohexane derivatives do not fit this classification. 

In unsaturated compounds with a, p-dnuble bonds, the decrease in fre- 
quency is ca. 60 cm~^, and an increase in band intensity is observed. 

c. S— S bond. The S- S bond has a weak absorption in the infrared and 
a strong absorption in Raman [14]. In alkyldisulfides CH,— S— S- CII3 or 
C,II,— S— S— CIT„ it is assigned a weak band at 4r)0— fijO em~^ [1] and in 
the dicyclohcxyl derivative, at 510 cm*^ [7]. lii aromatic disulfides, a weak 
band occurs at 4,30—490 cm~^ [If)]. These bands do not have aiinlytieal value. 

b. Thioketones. Thioamides 

The CbS bond in thioketones cannot be as easily identified as the C=0 
bond in ketones. 

In simple dialkylthioketones, the C=sS vibration bands could not be 
identified [7]. This is understandable because thioketones undergo polymeri- 
zation very readily, yielding trimers [16], 
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Ia thiobeoMpbeAoae C|H|-'CS~C|I^ ntben the reecstivity o( the CasS 
grottp It low, the mononerie form gives rise to a Ca>S efasorption at 
1667 cm-» [11. 

In thioamides the G=sS bond occurs in the range 1000 ->1400 cm*^, depend- 
ing on structure [1]. Thioaceiamide CH,->GS— NH| absorbs at 1310 cm"* 
and thiocaprolactam, at 1117 cin~^. Ihe low frequency suggests a laige con* 

4* — 

tribution from the polar structure N=sG— S. A band at 1480 cm~^ was also 
assigned to this structure [17]. Some authors assign to the G-’N vibration 
a band at 1300 cm'*’^, implying strung double bond character lor the Gb«N 
bond and, consequently, n low frequency for the G— S linkage. 

The thione-thiol tautomerism has been proved by the isolation of N« 
alkyl and S-alkyl derivatives [18]. 



Infrared spertra do not prove the evistenee of structures {216) and (2/d) 
bernusc NH an(i SII absorptions do not orcur. This was explained by the for- 
mation of hydrogen bonds between SII and Nil groups, yielding dimers (2/7) 
[ 1 , 10 ] 



c. Sulfoxides 

Sulfoxides are an mteimediate state of oxidation between thioethers 
R-S -R and sulfones R— .SO,“R. 

The elertronic structure of the sulfur— ox vgen bund can be represented by 
(;a/A) and (27.9) [20] 

— S— " S ^ 

i A 

(SIS) (SIS) 

structure (21S) with a S— 0 double bond is favored by electron attracting 
substituents [20, 21]. The frequency of the S - 0 stretching vibration is directly 
dependent on the electronegativity of the substituent attached to the S— 0 
group. 

It has been shown that the G - S bond in diarylsulfoxides is 0.06A shorter 
tli.^n in dialkylsulfoxides. This implies a certain amount of double bond char- 
acter due to resonance between structures (220) and (221). 
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0 0 " 

I + I 

>C»C-8--R ♦--►>C-C»S-R 
I I 

(m (Ml) 

In inert solvents (CCI 4 ), sulfoxides show a strong band at 1050 db 5 rm'*^ 
{19]. By comparison with the fundamental frequency in sulfur monoxide (1124 
cro*^) [22], this band undoubtedly rorresponds to the 5=0 stretching mode. 
The frequency is remarkably constant in sulfoxides where K is alkyl, cycloalk- 
yl, aryl, and allyl (Table Il-lOO) {15, 10 , 23]. 

Table 11-190 v8*(l fravieiiPlw (enH) tn nlfaxiaH [IB,l9,22J 


Sulbsida 


Solution 
In GCIi 


Solid 


Liquid 


DimethylBulfoxide 

1055 

— 

— 

Dibobatyliulfoxid€ 

1040 

1019 

— 

CycJohexylmethyhulfoxidc 

1055 

— 

1040 

Phrqylmethyl&ulfoxide 

1055 

1035 

1042 

Diphcnylsulfoxidp 

1055 

1035 

1044 

Diullyluulf oxide 

1047 

— 

1047 

Methylnielhallylsulfoxidc 

loot 

- 

1061 


In going from the solid to the liquid state, or to dilute solutions in 
nonpolar .solvents, shifts arc ca. 10-20 enr' [I, 21]. 

Larger shifts toward lower frequencies lake place in protic solvents, such 
as thiophenols or even CTICI,, vliich form a bond with the polar S=0 linkage 
{1, 23]. 

As opposed to carbonyl tunijtounds, unsaluralion or the presence of an 
aromatic ring adjacent to the S =0 group does nut lower the frequency. This 
is because the .substituent is not rnplaiiar with the S 0 group and ron.sr- 
quently there is no normal conjugal ion with n-clcctrniis like in carbonyl 
com|)nunds. However, iillruvioict s]M>dra | 2 .' 3 | and intensity measurements 
in the infrared |26] show that some conjugalion does take place. 

In six-inembered cyclic sulfoxides, by analogy with the chair form of 
cyclohexane, axial and equatorial conformal ions can he distinguished {222)- 
(224). 

Ill 1,1-dithiaiic-I, t-dioxide the vS— (I frequency of the rqualoriul con- 
former is higher than that of the axial (see c and a bands in cyclohexanols). 

It is believed that a-l, 1 -ditliiane-l, 1 -dinxide has a diaxiul eoiifigurution 

(223) with a frequenev of 1020 cur*. The equatorial S -0 group absorbs at 
1032 -1047 cm-*. 

The 5 -form of this compound is believed to have an c, a conformation 

(224) [27\. 
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H 

ir 

v6«0 (to OCI«) 

CH, 

CH, 

1213, 1208 (1220. 12U5)* 

C|»i 

Cjii, 

1205 

cU 

C,H, 

1205 

C,H, 

tyi. 

1202 

1— C(Il7 

/-c,ri7 

1203, 1200 

CiH, 

C,H, 

1108 

C.II, 

C.II« 

1245 

^ AcLurdiJig to [31]. 


2. Cyclic sulfites. Cyclic sulliles (dithiolaiics) absorb between 1210 and 
1220 cm“* (28, 301- Differences between five-, six-, and seven-membered ring 
sulfites are nut greater than a couple of riir*. There ore indie,ations that 
fiw-Tncmbered nng l,3-dii<ulfiles hove a slightly higher frequency than 
other cyclic sulfites |27, 32], 

The constant s'alne of the S 0 (requeney in smaller rings shows that 
in these systems the strain is partilinned between other bonds in the ring, 
leaving the > vS-rO angle praetieallv unrhanged |1]. 

b. Halides. Thionyl chloride with two ehlnrine atoms attiuhed to the 
S*- 0 group has a liequcntx of 1231 im"' filOJ. In Ihionvl fluoride SOFj the 
more electronegative fluorine atom favors the structure with the S- 0 double 
bond and the frequenev iisis to 132(1 cur* [30, 33]. 

f. SlllfoiKS 

Sulfoiies liiivc an SOj giouji <ilt.ulu(l to two hvdrururbon groups. The 
widely discussed snllonsl group SO, has an eleelronir structure inter- 
mediate between {2JM) and (2:1’)) [jlj. 

V; 1151 cm ' >1^ 519 cm ' v, JVilrm ' 

Sfff}) deform ^ acym. 

Pig. 11-78 Noimal vibraliuii modes of Ihe 
group 


The I HO- ilfiO (iir^ hand is assigned to the symmetrical mode and the 
1300—1^0 cnr( band to the asymmetrical mode [37] (Table 11-102). In 
sulfur dioxide the frequenries of the two vibrations are 1151 and 1361 cm"^ 
f.H6j. It was shown Ih.il a linear relationship exists between vSO. asym and 
vSO, sym [38, 39). 


/ 


<1 


0- 


0 - 
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The SOj giuup (compared lo 
sulfur dioMde) [35, 36] has two 
strongs bands rorresponding lo sym- 
metrical (v|) and a.symmetrical (v^) 
vibration modes [19, 37, 37aj (Fig. 
11-78). 





In solution sulfoncs absorb at higher frequencies (by 10-20 cm~^) than 
in the solid state [19, 28]. 

The symniclriciil vibration band in diphenylaulfone occurs at 1164 cm'** 
in rarbon tetrachloride and at 1151 rnr^ in the crystalline state. The asyrnme* 
tricnl vibration band occurs nt 133G cm~^ in CCI 4 and at 1313 cin~^ in the 
solid state. 

In a number of cyclic disulfoncs (28), the s\iiimetrical vibration 
occurs at 11.33—1156 cm~^ in chloroform uiid at 1129—1149 cm*^ in the 
solid state. The v SO, as}m band occurs at 1316—1353 cm~^ in chloroform 
and nl 1285—1339 111 the solid state. In this case differences do not 

exceed 10 cm~*. 

In aromatic disullones frequencies and band intensities are slightly higher 
than in aliphatic sulfones (1155—1165 Some authors [26] believe that 

this IS due to conjugation between the SOg group and the aromatic ring. 
Other papers do not support this view fl9, 10, 41]. However, the SOg group 
has a strong influence on the G-=-C double bond [10] (si'c below). 

It is observed that iu hydroxydiplienylsiilfoncs with the OH group in the 
oriho position to the SO, group, the frequency of the v SO, sym vibration is 
lower. In para-substituted compounds this frequency occurs at 1150 cm”’. 
The OH frequency decreasc.s also, which points to a weak intramolecular 
bonding [12]. Frequency variations (cm~’) in the following compounds are 
meaningful. 

bonded 

vSO, free vOH vOII 
C,Hi (CH^I,) 1161 3590 3383 

(SSS) 

n,co-^7V^ 

(»ii) 


. 0 ,— C,H, (nu]ol) 1150 
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OH 

«SO| tCM vOH 

bended 

)iOH 

(CCld 

(MS) 

OH 

1136 

8303 

H,CO-^^''^SO,-C,H, (CCI 4 ) 
(«») 

1130 

3392 


g. Sulfonic acids and derioalion 

a. Bklides. The electronegative halogen atom raises the frequencj of the 
S(L group in — SO,X. In sulloclilorides the vSO, syni frequency occurs al 
1 170 ± 5 cm**^ and vSO, asym at 1370 -i 3 cm~^. In benzenesulfochloride 
the vSO) sym frequency is slightly higher (1185 ciu"^) and the vSOg asyni 
frequency slightly lo^er (1340 cm“*) (Table 11-103). 

Table iJ-IOS vSO, IKeaeMleii (nnr*) In lullonk neld halldn 


vSO, 

Hkllde Refereniei 

Sym AKyni 


CH,SO,CI 

C,H,-SOXI 

C,H|SO|CI 

1176 

1372 

143) 

1166 

1367 

1311 

1185 

1340 

[371 

f>-CH,C|HtSO,Cl 

lies 

1360 

137] 

cio,S[CH,),so/:i 

1162 

1350 

(441 

CU»OsCI 

1163 

1404 

(45) 


1220 

1440 

(15| 

SOfCI, 

1205 

1437 

1451 

SO^F, 

1269 

1502 

(451 


The frequency iiicrca.ses in a-halosulfoiiyl halides [45J. Tlie more powerful 
— /effect of the fluorine alnm results in larger shifts toward higher frequencies. 
Methanesulfofluoridc nhsiirlis at 1220 and 114'.) cin~^ fl. 45J. The extreme 
case is sulfnryl fluonde with vSOj asym at 1502 ciir^ and sym al 
1209 cm"^ (.see halides of rarboxvlk and carbonic acids). 

h. SDllonamides II SOj— Nil,. Sulfonamides have strong absorplioii.s 
al 1100—1180 cm"’ and l.'l.'IO— 131)0 cm"^ assigned to the two vibrations 
of the SO, group. The symmetrical vibration frequency vanes from the solid 
state to solution. The asymmetrical vibration frequency falls by 10- 20 cm"^ 
[1, 46]. Both frequencies are higher than in sulfones (contrary to the shift 
direction in amides). 

e. SnUonie esters R - SO,— OR'. The symmetrical vSO, vibration gi\es 
rise to a strong absorption in the range 1115—1200 cm~^ and the asymmetri- 
cal vibration, between 1330-H20 cnT^ [31, 14. 47] (fable 11-104).' 
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Tutk iMfi vMb Iwfwtkt (av^) bi lilltd* irtfif 


« 60 , 


imd 

Sym 

IW 

Asym 

emtm 

1 

tm 

ISSt, 1370 

[11] 



1176 

1351, 1370 



iSaocHg 

115R 

1347 

[« 


V 

1170-1192 

1350-1375 

[47] 



CHi 

ULCH^SOiOCiIi 

ClLOO,SCf^ 

p-CHiCiKiSOiOI 


d. SaUonie aeids and lalts RSO,H and RSO,~. F^w papers deal with 
infrared spectra of sulfonic acids. For identification purposes the following 
bands have been proposed: 1150 -1260 cm'^, 1010- 1080 cm"* and 600— 700 
cm-i [481. 

Table II-IOS v80| freUMBBlN (enH) In Mriphnnle Mils an! snlto 


uSO, «SO, 


Compound 

Sym 

Aiym 

Compound 

Sym 

Atfm 

CH,SO,H 

1059 

1190 

ClIgfCUghSOgNa 

1044 

1176 

CF,SO,Il 

1031 

1274 

CH,(Q{,),SOgNa 

1044 

1172 

CH^OgNa 

1053 

1195 

(CHgJgfSOgNa), 

1046 

1200 

CFgSO^a 

1042 

1279 

(CHgWSOgKh 

1041 

1205 

CHgfSOgNa), 

1042 

1183 

(CHJgfSOghCa 

1050 

1100 

CHgCHgSOgNa 

1053 

1176 

(CHglgCSOgNIIgh 

1037 

1190 

Cllg(Cll|)^SO,Na 

1048 

1182 





Table 11-105 shows the sym vSO| and asym vSOg \ibrations for a num- 
ber of monosulfoiiic acids and salts [49], and disulfonic acids and salts [44]. 

h. The influence of the sulfur atom on Ihe vibrations of neighboring bonds 
in the hydrocarbon radical 

a. G— H bond. P'requriiries arising from stretching vibrations of CHsaiid 
CHj groups atliiched to the sulfur atom do nut shift sigiiifirantly as to be of 
use for identification. The asymmetrieal stretching mode of the CH, group 
has a frequency of 29(i0— 2969 cm“^. In ethylsulfnte the frequency is 2970— 
2980 rra”^ ITic frequenry of the symmetrical vibration is 2880 cm”^ for the 
Cl I, group and 2861 cm'‘ for CIl,. 

Band intensities are slightly higher than in hydrocarbons. The symmetri- 
cal deformation mode of the CII, group attached to sulfur falls to ca, 1320 
cm~'. i. e,, hy about 60 cm"*, cf. the H,C— C frequency in hydrocarbons 
|1, 50—52]. The absorptions occur at 1335 cm"* in CHiSH, 1309 and 1334 
cm"* in Cn,SCH,. 1323 cm"* in CH,SC,Hs, 1315 era"* in CH,SCH(CH,)„ 
and 1316 cm"* in CH,SC(CH,),. Branched chains have two absorptions, but 
only the first one is characteristic [1, 52]. In the (CH,)|CHS group, the absorp- 
tion occurs at 1365 and 1380 cm"* and in (CH,),CS, at 1365 and 1390 cm"*. 
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Deformation vibrations of the CH^ group orcttr at 14S0 in comr 
pounds containing the GHsCH,S group. £a most cases the band is indistinguisho 
able from that of the asymmetrical v&ration of the CHg group. When bands 
can be distinguished, the lonrer frequency band is assigned to the CHj defor- 
mation mode and the higher frequency band to the dig asytn deformation 
mode fl]. 

Stioog absorptions arise between 900 and 1100 cm"^. They were assigned 
to other vibration modes of various sulfur compounds 1 1 , 51 ]. 

b. Ca«G bond. The C =C absorption ocrurs at Cd. 1580 em**^, appreciably 
lower than the normal frequency, even in conjugated double bonds |l]. Not 
enough data is available to assess it as a general phenomenon. 

The asC -H deformation frequency does not seem to be affected by the 
sulfur atom. 

c. CssN bond. The C=N bond attached to sulfur through the carbon 
atom has been studied for a variety of compounds without internal conjugation 
[53]. In thiooximes the absorption occurs at 1620 enr^, much lower than in 
oximes (1640-1690 cnr*). 

Compounds with a ennjugated C=N bond absorb at lower frequency and 
the presence of a neighboring sulfur atom lowers it further still. According 
to some authors [53], the interaction of the sulfur atom with n-electrons of 
the C— N group is grcdtei than in the case of oxygen or nitrogen atoms. 

d. CssQ bond. The most inleresting iiiterartions occur in the eaibonyl 
group. Thiolesters R -CO -SR have the vC— 0 frequency at 1C80 i 10 cm"’. 
The low frequemv as compared to rarboxylir esters sliovs an appreriable 
contribution of structure (23S)- 

0 0 - 

II I + 

R_c— s— H < n— c-s— n 

(S34) («JS) 

The same effrit is nhsened in thioaeotic and Cl I, COSH and in thin- 
lactones. It is inteiesting that in this system «, p-unsaturatinii and the pre- 
sence of atoms with n- J effeetf —CP,) do not alter the C— 0 frequency, ef. 
fdrboxylic acids and their denvatis i s f54, 55). It is believed that the increase 
in frequency due to the i-t if conformation (with F next to 0) is eanrelled bv 
the interaction of fluorine and sulfur atoms. This results in a greater positive 
charge on sulfur and a decrease in the C=rO bond order {236). 
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CHAPTER 3 

ORGANIC NITROGEN COMPOUNDS 


Organic nitrogen compound!) can formally be considered n.s dcrivative.s 
of inorganic compounds. Nitro- (23T) and nitrosoderivatives (23S) are obtained 
from nitric and nitrous acid, respectively, by substitution of the hydroxyl 
group with organic groups, and hydroxylamine derivatives (239) are obtained 
by substitution of one or several of the hydrogen atoms of hydroxylamine 
with organic groups. 

R-NO, R-NO n-NHOH 

(887) (888) (888) 

Similarly, primary (240) secondary (241), and tertiary amines (242) 
result from ammonia. 

R-NH, R^ll R,N 

(840) (847) (848) 

Some compounds with functional groups containing two nitrogen atoms 
can be considered as derivatives of hydrazine H,N— NHa, while others (e.g. 
azo compounds) cannot he derived from any inorganic substance. 
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lolrared spectra of oiigeiiic nitrogen compounds are described acoordiM 
to tbe above classifieBiion |1]. 

A. NITROCOMPOUNDS 

The structure of the nitrn group was ostabiished by measurements of 
interatomic distances (electron diffraction and X-ray analysis have shown 
that the two oxygen atoms are eijuidistant from the nitrogen atom (1,2^)) 
and by dipole moment measurements (zero for p-duiitrol)enzene) which show 
that the two it electrons are equally distributed between the two NO bonds 
by isovalent conjugation. The uniform tc electron distribution in the 
group can be represented by formula {24S) expressing an intermediate sitna- 
tion between (243) and (244)\\\, 



- II V 

U 


UAi) 

iHA) 

H-N<^ 

}i 


(Mil 

The vibrational behavior of tJio iiitro group (Fig 11-79) fully supports 
this structure. The ( hnructeristir absorptions arising from symmetrical and 
asymmetrical stretching modes occur in the expected regions (i275— 1375 cm^^ 
and 1535—1620 cm”^, respectively.) 

Characteristic frequencies in iiitromethane are shown in Table 11-106. 


Table Ihlot PUndamnUI beanenelH la altn- 
methoM 


VlbntloiMl n«qwner Vflmtieaal ftaaoiaw 

type aii~* type or*' 


vNO| aiym 1S67 «NO, 6M 

vNO| lym 1370 ^0, 61S 

Fig. 11-79 Normal vibration modes of the 017 SCMO 489 

C— NO| group: 

* .earbon atoms •Hitbom atom! o*<»7Sen 

atana. 










^ 


For identification purposes only, vNOg and, to a lesser extent, vCN vibra- 
tions are of value. Bands arising from deformation modes are difficult to 
distinguish from other bands occurring in the low frequency region. 
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a. SaiuraM nitn compounds 

Characterittic absorptions of nitroalkaoes oreur at 1368—1371) cm~'^ 
(vNQ, sym) and 1550— 1567 (vNO, asym) |2-5a| . In primary iiitrualkanrs 

thrv‘ froquenrios do not changr with rhain length. The differences noticed 
between absorptions of primary andseetindary derivatives are. not large enough 
for identification purposes. Generally, primary derivatives IlGH|NO( have 
higher frequencies than secondary ones, HgClINO,. Tertiary nitrocompounds 
l^GNOg have the lowest frequency (13*12 13.58 and 1530—1545 cm")). They 
can be distinguished from primary' andsernndary compounds (see Table 11-107). 
Bands oreurring at ca. 1536 cm") are considennl characteristic form tertiary 
derivatives and at cn. l.iSO rm~) for primary and .secondary nitrocompounds [4| . 


table II- W GkinrlnMIr nraii IrafuraelM In nltro romaonnSi 

emr'fl-Sl 


Compound 

vNO. Bsym 

vNO| i>ni 

vc:-N 

Nitrcalkanen 




CH,NO. 

J%7 

1379 

917 

CH,CH|Nn| 

Jj5n 

1302 

874 

RCH^O. 

1555 

1375 

876 

R|CHNO, 

15j3 

1301 

811 

R,CNO, 

1530 

13.10 

- 

Niirohaloalkanes 




nCH(X)NO,(X=CI, lir) 

1575 

1348 

848 

R,C(X)NOj (X-^CI, Kr) 

Ii|C(X,)NO^X^ ni) 

CJ,GNO, 

1.105 

1342 

— 

1567 

KflO 

1332 

1307 

842 

Br,CNO, 

1192 

1305 

840 

FjiCNOj 

1010 

1307 

- 

FgCIG CF^O, 

1018 

1274 

909 

JUmtroalkam 




nGH(NO.), 

15B2 

13.13 


R.CCNO,), 

1572 

1320 

— 

Ntlnegcloalkaius 

j:>38 1548 

1357 1377 



1 . tsiUocgcloalkanrs. vNOg obsoiptions of these compounds correspond to 
those of secondary or tertiary niiro derivatives of straight-chain alkanes [2, 1). 
Nitrocyclobexane absorbs at 1548 and 1.377 cm"). In three-membereri rings 
the frequency falls. l-MethylnitrocYcloprujiane ubsorbs at 1538 and 13,57 ciu"). 
The decrease in frequency is due to the cyclopropane ring, uiisaturated in 
nature, also noticed in other cases [3|. In nitro compounds substituted in 
the a-position with electronegative atoms or groups with —I effect, the fre- 
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qaency of the asymmetrioal atretching mode iiicreARes and that of the a;m- 
metrica) mode decreasea [3]. 

2 . Dinilro dermtim. Dioitro compounds with the two nitro groups atta- 
ched to the same carbon atom aiisorb at ca. 1580 cm*^ (vNO, asym) and 
1330 cm"^ (vNOf sym). The increase in frequenry of the asymmetrieal vibra- 
tion and the decrease of the symmetrical one is because of the —I effect of 
the serond NO| group. In many instances bands arising from the symmetrical 
vibration in gem-dinitro compounds are split. In tetranitromethane both 
absorptions are doubled [ 2 ] . 

b. oi-Jialonitroalknnes. 

The presence of one or several halogen atoms in the position alpha to 
the NO| group results in an increase in frequency of the a.symmetrical vibra- 
tion and a decrease in frequency ol the sjinmetrieal vNO, mode. Tlie bands 
shift ill botli (lireelioiis by about the same number of enr*. Shifts increase 
with the number of halogen atoms (see Talile 11-107). They are ra. 20 cm"^ 
fur one chlorine atom, ea. 32 em~^ for two chlorine atoms, and still larger 
for three chlorine atoms; for example, chlornpicrine absorbs at 1610 and 
1307 cm”* f 6 ). A small decrease in frequency is observed in BcjC— NO^, cf. 
CI 3 C— NOg. Surprisingly, the frequenev in CFj— NOg is relatively low [5,6| 


e. NUroesiers 

The negative effect of the -COOH group in nitroesters results in small 
shifts in frequeiiey of the two stretching vibrations of the NOg group |3,4]. 
On the average the .shifts are of the order of 10 cm”*. The frequency of the 
(',=-0 group is shifted toward higher values. A characteristic absorption in 
a*nitro esters is that of the CHg group in the a -position, orcuring at 
1430 cm”*. 

Vibratlou of the alkyl radieal. In primuiy' nitroalkancs the sym vNOg 
absorption is sometimes accompanied by a band at M29 cm”* [2,3J. It is 
assigned to the deformation mode of the Cllg group adjaeeiit to the NOg group. 
These absorptions, along with the absorption occurring at 1560 cm”*, are 
characteristic for primary nitro compounds [2J. 

In general the frequency of the s> iiimetricul deformation mode of the methyl 
group coincides with the symmetrleal stretching mode of the NOg group. How- 
ex er, if the Cl I, and NOg groups are attached to the .same carbon atom (in 
.structures such as Cllg— C— NOg), the two bunds are well separated, occur- 
ring at 1395 and 1370 cm”*, respectively. Compounds with two methyl groups 
attached to the carbon bearing the NO, group ((CH,),CX— NO,) show bands at 
(400, 1375, 1350, and 855 cm”*. They seem to be characteristic for this 
structure and are not affected by the nature of mass of the substituent X 
(Table 11-108). 



Infrared spectra of ORCANic coulpotJNDd 

Tablt lUl9t OMnetarlttle tlmpUMil la (C^)|CXpNO| (2] 




X 




11 

1401 

1374 

1361 

850 

CH, 

1404 

1372 

1346 

857 

CHgCll, 

CHgOCIt, 

i:i97 

1372 

1353 

856 

1401 

1376 

1353 

850 

CHgNO, 

139U 

1374 

1346 

861 

C.H, 

1309 

1370 

1351 

851 

Cl 

1397 

1377 

1342 

848 

NO, 

1400 

1377 

1357, 1330 

855, 845 


d. aci-Nitrocompounds 

111 sodium salts of primary aud secondary nitrocompounds, the mcso* 
meric ion {24S) shows absorptions of the C —N hood at ca. 1600 cnr’^, while 
characteristic absorptions of the NO^ group disappear. The sodium sail of 


n-TH — N<^ J 

(ntj 

nitromethanc absorbs at 1580^2 cm~’ [7,8| and that of 2-nitrDpropane, 
at 1608 cm-i [7J. 

In sodium salts of nitropropane, butane, pentane, and hexane, two bunds 
are assigned to the vC=N vibration: a very strong one orcurring at 1600 cnr* 
and a weak one at 1660 rm~^. The second band is supposed to arise from 
an isomerism which is nut very likely in such ions (0] . In solid state the 
— NOO“ group gives rise to strong absorptions (doublets) at 1277- 1262 cm"^ 
and 1018—1033 rm~^ In ugueous solution, single hands arise at 1253 and 
1012 cm~* |8]. In sodium salts of other nitrocompounds a strung, broad absorp- 
tion between 1166 and 1178 em~^ is assigned to this vibration |0]. 


e. Nitroalkenfs 

In (X, p-unsaturated nitrocompounds with the NOg group directly attached 
to the double bond, the vNOg frequency decreases. In mono-, di-, and trisub- 
.stiluted nitroalkenp.',, the frequency decreases slightly with increasing number 
of alkyl substituents. Monoalkyl derivatives absorb at 1524£4 rm~^ and 
1353:^6 cm~S and di- and trisubslituted compounds at 1.515^:4 and 1346^0 
cm-i [2,10] . 

In the four nitrobutencs (247)— (250) variations in frequency with struc- 
ture can be clearly seen [2.] 
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vMO, Ufm, ciDT^ 
vNO, ijm, ciiri 


V-C-CH— Cll, 

C1J*"G — CH|(— CH^ 

ii,g-c-4:H--ch, 

10, CIl, 

NO, 

H,C lio, 

1555 

1548 

1530 

1376 

1350 

1346 

(Wr) 

(949) 

(940) 

HjC— C-C— CH, 

NO, 

NO, 

1 1 

H,t; NO, 

/V * 

1 II 

A 



V 

1515 

1513 

1550 

1340 

1337 

1363 

(950) 

(?«) 

(999) 

nl the NOg group on vC-=('. and 8C11 

Iirquenries is small. 


vNO, aiym, ctn-> 
vNO, *ym, cm-* 


However, the vC -C band becomes slroui^er. The 5CH bund intensity increa- 
ses when the NOjgioiip is altnrhed Ui the same rarbnii atom as the alkeoe 
hydrogen (=CII— NOj). Table II 1011 shows the charactenslie frequencies 
of nilrnalkenes, ef. the eorresjinnding alkenes (R-alkvl). 


I'ablr 11-109 UianrlMrlalle tniqunielN In nitroalkMMa |2| 


NitroalkniB 

Subitltueni 

\ 

^r-c 

SC IT 

\ 

H 

n)12 1G17 

925-10(10 

(aNO^ 

lbl7 

») 16-901 


NO, 

](il2 

040 -9b.‘i 

\ (.11 (.11 \{littns) 

il 


lMiJ-978 


11, (,N(1, 

R. NO, 

1 Gb4 — 1 b7b 

0b2- ‘ibO 


IC50 i(r>() 

'Ji7-%1 

\ (.ii-(:ii-\(iis) 

11 

l(>5U l(>'ib 

(ibb 

a, (Ao^ 

1(>()1 

bOb 

(.11, 

\i 

IbSl 

888 -802 


a, (AO, 

Ki'iO ((•(>0 

0U0-92.S 


a, NO^ 

i(»(»7— iii7r> 

987-942 

\,(.- (.IIX 

a 

l()31-lb(»7 

800 -833 

a, LNO, 

]b,ll-l(i5H 

800- 833 


a, NO, 

I()31-I6bl 

823 -836 

\,r. 

a 

U, CNO, 
a, NO, 

1672 

l(i64 



f. AromaUc nitrocompounds 

Frequencies of NOj stretching vibrations in aromatic nitrocompounds are 
lower than those in nitroalkanes. Monoryelic aromatic nitrocompounds absorb 
at M'JO-1570 cm"i (vNO, asym) and l.tOO-1370 cm"* (vNO, sym) [2,11-151. 
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Nitrobenzene absorbR at 1530 and 1353 cm'^ [2.14]. Changes in physical 
state and nature nf the solvent result in much smaller frequency shifts than 
in other compounds substituted with polar groups [2]. 



The decrease in vNO^ frequency in aromatic nitro compounds, cf. ali- 
phatic nitro compounds, is due to conjugation of the NO, group with the 
aromatic ring. In nitrobenzene {2S3) conjugation results in a much larger 
contrihuLioii of structures (235) than of structure {254), The N —0 bond 
order (and frequency) decrease and the C— N bond order (and frequency) 
increase. 


In substituted nitrobenzene the vNO, frequency varies with position, 
number, and nature of substituents. However, variations are different for 
the two vibration modes |2,3,14j, The influence is stronger on the asymmet- 
rical vNO, vibration, 

In pura-disubstitnted compounds, the vNO, asym band occurs at 1490 
—1503 cm'^ [ 13, 14] . Electron-releasing substituents shift the frequency toward 
the lower limit and eleclron-altr acting substituents (groups with — / or — £ 
effects) shift the frequency towards the upper limit (Table 11-110). The largest 
decrease in frequency is observed in the case of Nil, and NR, substituents (p-ni- 
troaniline, 1504 cm~^) with the strongest+£ effect. In these compounds the con- 
tribution of strueturc (256) is the largest. Decrease in the 4 E effect (OH, OCH,) 
results ill lower frequencies. In the case of substituents with — / and —E effects 
(NO,), the frequency increases liecaiise of an increa.se in N— 0 bond order, deter- 


mined by a decrease in eleelron density at the nitrogen aLoni nf the NO, group 
-0 o- 12,3,14). Halogen atoms with n strong —7 effect and a4 £ effect 
\-i/' intermediate \ aloes. The larger contribution of the more po- 

N lar structure (256) results in an increase in the dipole moment 




of the molecule. A linear relationship was found between the 
vNO, asym frequency and the dipole moment of the NO, grouii 


\/ [13], In paro-disubstiluled compounds tlie same parallelLsm exists 

II between the vNO, asym frequency and the o-Ilammett constant 
of substituents 113, 14|. 

R R The vNO, asym frequency decreases with substituents with 


(get} more negative values and rises for positive values (Table II-l 10). 
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naJte /MlO vNOifnqHraelwinir*) in X-\ 


X 

vNO, iiH>in 

vNUa ttym 

Hammett 
eotistaiii 0 [16] 

CaiibtAiit a* [17] 

N(CH,), 

xm 

]3I« 

- 0.600 

-0.972 

NH, 

1504 

1333 

- o.eeo 


Oil 

1515 

1312 

- 0.357 


OClIa 

1517 

1312 

- 0.268 


CAi, 

1517 

1311 

-0.170 



1515 

J.S35 

- 0.015 


Cl 

1526 

131,3 

\ 0.227 


Hr 

15:)2 

1345 

-1 0.232 


i 

1515 

1345 

4 0.276 


COOCII, 

r»:i5 

1318 

-1- 0.522 

t U (>36 

coon 

1511 

1351 

1 0.265 

4 ().73H 

CN 

1521 

1348 

+0.628 

1 l.OUU 

NO, 

1560 

1314 

+0,778 

1 1.27 

11 

1530 

1350 

H 0.000 



The frequency of the symmetrical vNOg vibration lies in the range 
1300—1350 cm~^ The influence of para-substituents on this vibration is 
more complex |2]. 

The intensity of vNOj bands varies mdependenlly of llainmett-a values; 
howeser, a decrease in intensity of Ihe vNOj asyin and a rise in intensity 
of the vNOg sym absor])lii)n is observed for more negative a snlues [2]. 

As expected, in mc/o-disubsliluled compounds changes in vNOg asym 
frequency are siunller. A small decrease in Ireqiu'ucy (ra. 1(1 ciu"^ cf. iiitro- 
beiixene) is observed for the Nllg group (iiitroaiiiliin* absorbs at 1520 ciu"^), 
vhile the NOg group r.iises the frequency by the same amount (1410 cin“^ 
111 nKlinilrobenzene). The effect is struiigiT in 1,3,5-trinitrobenzenc absorbing 
at 1548 cm“^ (1 1|. 

In oi/Ao-disiiiistiliited riiin])oiimIs the ini eracljoiis between the two groups 
arc more eomplieated [1|. In addition to the conjugative effect there is 
a field effect working in the o]i]iosite direction. vNOg asym frequencies for 
a number of .substituted nilrolienzenes are shown in Table II-l 1 1 (in CCI4, KBr, 
and Cllllrg) |11]. 


Tabte 11-111 vNOj wtym frrqiitnielrs In Mibmiluird nilrobnisrDe 


.Suhslilurnt 

piisltion 

ComptHind 

OrUin 

I<Br 

CCla 

Mrla 

C.lTHra 

KBr ' 

PlffO 

KBr 

N 1 Iro- V g diiiip LUy 1- 
anilinc 


1521s 


l.i.'IO s 

^■099 

Nilroaniliiic 

Nitroanifiolr 

15121 

152ns 

1511 $ 

1520 s 
15.31 s 

■li 

Niiiuplieiial 

1530 s 


1534 s 

1520 s 

1500 1 

Dinilrobeiizene 

1530 s 

1545 H> 


1545 s 
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As in tho case of pora-disubstituted compounds, a decrease in frequency 
is observed in substituents with a more negative Hammett-o constant favor- 
ing or/Ao-quinold structures. 

In compounds when* for .slerir reasons the two groups are out of the 
plaiic of the ring, conjugation is prevented and the vNO, asym frequency 
rises, reaching the values observed in aliphatie ruinpounds. In o-dinitro- 
benzene (KBr) tu’o hands orcur: 1530 and 1545 cm~^ (shoulder). They cannot 
be explained by a vibrational coupling |14]. In sterically hindered o-nitrn- 
dimethylaniline the frequency (1521 enr') is lo'«'cr than experied. This is 
thunghl to lie due to intramolecular interaetions between the two orfAo-sub- 
stituents by analogs with o-nilrophenol where the ehelatc hydrogen bond 
does nut change the vNOj frequency but produces a large decrease in the 
vOH frequency (to 321U rm~'). In nt- and p-nitrophcnol the free vOFI frequency 
is 3300 rm~^ In nitroaniline the two vNII^ bands occur at normal positions: 
VNII 2 usyin at 3170 cm"' and vNIIj sym at 3360 cm"^. 

.Substituted polynitro compounds show a larger number of vNOj asym 
bands, which enable some inleresling tentative assignments [14] ; for example, 
2,4-dinitroaniline {257) shows two bands: 1521 rm~* corresponding to the NO, 
group in the nr/ho-position ami 1 108 cm~*, corresponding to the conjugated 
NOg group in the para-positloii. 2,4-l)inilro-JV,N-dimethylanilinc {25S) show's 
three bands: 1510, 1515. and 1408 cnr'. The 1408 rm~^ bond was assigned 
to the NOg group in the parn-position (conjugated with the NRg group copla- 
nar with the benzene ring) (359). In this .structure the or/Ao-NO, group is out 
of plane and absoibs at 1510 cin"^. Also, another band arises at ISlfi cm“^ 



assigned, as in o-nitrodunethylaniline to structure (359) where the orf/io-NOj 
group IS copbuiar with the Nlt^ group. Thus the infrared spectrum jioints 
out the coexistence of the two structures (35.7) and (359). 

In 2,4,6-trinitro-A'-methylaniline {261), conjugation is precluded and the 
absorptions orcur at 1532 cm”* (p-NO*) and 1516 cm"* (o-NOj). The conju- 
gated p-NOj band in the 1 190 ciir* region is absent. 

In l,3-bis-raethylaminn-l,6-dinitrobenzene {262), the NOg groups (conju- 
gated because of steric reasons) absorb at 1510 cm“* [14]. 
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Vibrations of Iko C— N bond. Tho C — N vibration in uilroalkancs was asso- 
rialed with a medium intensity hand in the range 830-1)20 cm*'* [3]. In aro* 
matic roiupounds conjugation increases the C— N bond order |2, 12, 13|. The 
absorrption occurring at ca. 800 cm''* was assigned to this vibration. In nitro- 
beiizeiies suhsliluted in the pcirn position with clocLron-dnnating groups the 
increase in C - N tiuiid order is followed by a decrease in the N— 0 bond 
order. The total effect results in a siahilizatioii of the C-N vibration [19]. 

Comparison of infrared spectra of nitrobenzene and perdcuteronitro- 
henzene has shim u that the only bands which are unafleeted by dcuteralion 
are (hose at 850 and 1300 cm"*. The 850 cm"* band is superimposed on the 
Cli deformation vibrations of the aromatic ring. Since the C— N bond order 
in aromatic compounds is larger than in aliphatic cnmjiounds, it is conceivable 
that the absorption oecuiring at 1300 cm"* arises from the C— NOg bond [2]. 


H. NITROSO COMPOUNDS 

The direct determination of the N-0 frequency in nitroso compounds 
is possible in only a few’ eases. Primary and secondary nitroso compounds rea- 
dily undergo isomerization to the com'.sponding oximes: 

UCII,-N-0-+RCH-N0JI, 

n,CH-N-0-sR,C-NOII. 

Cuiisequeiilly, special prcciuilioiis have to be taken on recording infrared 
spectra of these compounds. The majority of tertiary aliphatic nitroso com- 
pounds exist under normal conditions in the form of dimers. A great number 
of older assignments where this fact has nut been taken into account are erro- 
neous. 

Spectra of unstable primary and secondary nitroso compounds are recorded 
in special cells heated to 100 -200 C. The recording has to be done rapidly 
(within five minutes at the most) |l*.l]. 

The isomerization of the sample can be followed by oh.sersing the disap- 
pearnnee of bands characteristic for the nitroso form and the appearance 
of bands arising from the corresponding oxime. It was shown that nitroso- 
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methane absorbs at 1564 cm'"‘(vN=sO). The band disappears after a few 
minutes and hands arising from formaldoxime can be observed. Freshly pre- 
pared nilrosocyclohexane shows vNsO Itands al 1558 and CH| bands 
at 2857 and 2933 (‘ 111 “^ The intensity of these bands decreases rapidly. They 
disappear completely after a few minutes and new absorptions belonging to 



Fig. II'SO Infrarr-d spectrum of secondary nilroso compounds. 

(i) Freshly prepared nilroBor}clnhrx»ne; C^) afler 5 minuln; (J) after 15 miniilr^* 

cyclohexanone oxime ncciir al 3G.3C cm”^ (vOII) anil 1053 cm”' (vC— N) 
(Fig. 11-80). 

The .same technique i.s used in reionling spectra nl nitrnso denvatixes 
ubliiincd by deiinlymenzalion of dimers |19]. 

K- 0 slrolrhing vibration. The N 0 bond in slalilc iiitroso compounds 
(tertiary aliphatic and aromatii) is cbaraelerizeil by a stretching vibration 
in the range 1188—1021 em”'. The vide range and the low frequency of this 
vibration must be pointed out, if. other double bonds, C--('. C -N, and 
C^O. 

Nitrosoalknnes. In solution lerliarx niln)soallvanes(;^(1.1t) .sIiom nlisorplmiis 
at liloD J.9 em”^. Tn the vapor idiase the Ireqnency rises by ra. 10 cm”*. If 
the carbon atom bearing tbe N--() group is altaehed to an element other 
Ilian carbon, .shifts in frequency due to the eleelronie effect of the respective 
group arc observed. 

H 11 i; \ 11 \ 

-C V 

/\ ' \ A 

11 N=-0 H N--0 \ N--0 


In nitro.so compounds with a rhlorine atom, or a CN, or an NO| group 
in the «-positinn (-/ effect) ( 264 ), the frequency rises to 1 580^10 cm”*. 
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Two or three halogen atom (2tS) increase the freqaency still farther. Vapors 
of 2, 2-diehloronitrosoethane CH|CC1|— Na>0 absorb at 1598 cm"^ and 
CltC— N=0, at 1621 cm**^ [20]. The trifluoro derivative F,G— NasO absorbs 
at 1505 cm~^[21]. l*Nitroso-l-Ghlorocyclohexane (solution) absorbs at 1558 
and 1,'Michloro-1,4‘diuitrosocyclohexane, at 1557 cm"^ [22]. On substitution 
with acetyl groups, the frequency falls to 1539 cm"^. Substituents in the 
p-position do not affect the vibration of the NO group. 

In asymmetrically substituted compounds (in solution), a splitting of 
the band into two components 10-20 rm~^ apart is observed. In the vapor 
phase a broadening of the band takes place. 

This behavior is attributed to conformational 
isomers arising from restricted rotation about 
the C>N bond [20. 23]. 

Aromatic nitroso compounds. In these com- 
pounds the frequency is lower than in nitroso- 
alkanes or nitrosocycloalkanes. It lies in the 
range 1488—1513 cm*^ [19], In solution nitroso- 
benaene absorbs at 1506 ein~^ and a-nitroso- 
naphthol, at 1508 rm~^ The frequency is 
sensitive to the nature and position of substi- 
tuents in the aromatic ring. vNO frequencies 
for a number of nitrosobenzenes substituted in 
the para-position with electron-attracting and 
electron-donating groups are show in Table 
11 - 112 . 

Electron-donating substituents (OGll-,, I) reduce the frequency, and 
electron-attracting substituents (NO|) raise the frequency. 

Substitution in the inefa-pnsition does not affect the frcqueiiry, cf. G|H|NO; 
orf/io-disubstituted rompounds have normal frequencies. 

V NO trequeneies in dimers of nitroso romponnds (B— NO)iy In speclra 
of dimers the N^O band in the 1488—1598 rm''^ region disappears and a 
new strong band of lower frequency appears in the range 117G— 1430 cm"^ 
[21]. Extensive .studies of many dimeric aliphatic and aromatic nitroso deri- 
vatives liave shown that the two monomeric molecules are linked through 
nitrogen atoms. In such a structure the oxygen atoms is bonded in the same 
manner as in aminoxides or N-oxides of hetcrocyclie compounds. The low 
frequency is in line with a polarized N— 0 bond. The N=N double bond 
makes eis-lrans isomerism possible. The centrosymmctric Irons forms (8dd) 
have a single N=0 absorption in this region. Cis forms (367) have two bands 
(Table 11-113). 


Table II-IJS vNO 
(DMiiMMin) la po-a-nfesUtuM 


X- 

vN-O am-* 

NO. 

1513 

F 

loll 

GH, 

loOB 

11 


OCH, 

1«»7 

Br 

1197 

1 

1488 


0 H 

1 

0 


(I 0 



K 


CIS 

( 207 ) 


trans 

(SSS) 


0 



au 
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Table II-I13 CltinielarUUt beqamfliM Id elt iui4 Croiu 4tanni 
•I BltfMD eamHuiat 

R (miu faim cb tom 

AMplutir A single band Two bands 

1176-1200 cnr^ (a) 1323-1344 m 
(») 1337-1126 i»s 

Aruiiulir A single band I'wo bands 

1253 - 1200 cmr-t („) ]3gg 1307 m 
(k) 1400 m 


la the lio/M-aliphatie series the first luemlier (Ihc dimer of ailrosoincthanc) 
has an abunriual frequency, at 1290 riir'. In dimers (CH,)jC(X)N=-0, vhcre 
X- NOj, CN, Cilg, (^FfgCl, COCH,, the freqiieuries lie in the range 1230 - 1297 
pm“*. In hranrhed-rhnin or cyclic cuiiqiuunds the frequelicy decreases to 
1183- 1222 (iir‘. The smallesl value occurs in iihenyliiitrusmnelhinu- 
(1176 

In the aromatic /ki/is senes, frequencies are more constant. It should be 
liuinled out that the frequency in ar>'l-NOg (ca. 1250 rm“M is analngous 
to that of pyridine-iV-oxides (1212 cm”*). In nilrosolienzcne or substituted in 
para-pusitioii isith halogens (F, Cl. Hr), CII 3 , OCIIj, NO,. CHO groups, the 
frequency lies in the range 1 232 -1 259 cnr^ p-Nitro-sobenzoie acid and 
2,4,6-tribromanitrnsol)enzene have a higher frequency (1285 and 1289 cnr', 
respectively). 

Infrared .specti oseopy has .shown that the majority of nitruso ruinpounds 
obtained by normal synthetic procedures belong to the hum series |24uj. 
However, nitrosomethane (vNO= 1.399 and 1312 cm~‘) and 1-rliloro-l-niLro.so- 
eyclohexane (1399 and 1350 cm”*) belong to the cis series. In the arnmalic 
series only nitrosobenzene (1 109 and 1397 cm”*) and ft-nitrosonaphthulene 
(l'i09 and 1.389 cm”*) base a ns eonforination. Nitrosobenzene bands shou 
dirhroism [25]. 


n. 0 II G A N 1 C D h H I \ A I 1 \ E S 0 K II X D It 0 X \ L A M I N 1. 

(Compounds ItNIIOII lui\e not been extensively studied. 

The elmructeristic absuiption of the N- 0 bond in hydroxyhamine 
IlgNOH occurs at 894 cnr* [26]. 

Alkylhydroxyliuiiines have strong absorptions at 869 cm”* [27]. The 
vNlI band occurs at lower frequencies (rn. 3250 cm”’) than in amines [27, 28]. 
JV-Nltrosocyclohcvyl hydroxylamine {26ft) .shows two absorptions, 3.3.30 cm”> 
(vOIl) and 1105 cm”*. In the ammonium salt (266) thev are replaced bv bands 
at 3077 and 1.385 cm”* (KBr) [29]. 
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N— OH 


cx 


N— ONH« 


U. A M 1 N U S 


Primary and si'roudary miiiiies ran In’ ideulified in Uii» infrared spectrum 
by the vibrations of NII 2 and Nil groups, analogous to rhararteristir vibra- 
tions of Cllj and GH groups in hydrocarbons. Ilovrever, the cloctronegative 
rhararler of the nitrogen atom makes this bond more polar and the preseiire 
of mobile unshared electrons enables the variation of the force roustant vrith 
slrueture. 

In the N -II stretching mode region (3050 --.'iSUU rin~^) ]iriniary amines 
show two bands and secondary amines shou a single band. Not having a 
hvdrogen atom attached to nitrogen, terliarv iiiniiies absorb in this region 
[30, 31]. 

« R, r— I 

\niI R.-N \ / 


Nil bonds in amines share some common - \ / 1 

[troperlies with the Oil group. Because of this \ / I 
sometimes the absorptions arising from these \\^tt 20 ■ \ I \ 
groups arc superimpo.sed precluding their iden* I / I 

tifiention. Since nitrogen is less electronegative V/ 1 

than oxygen the N-11...N hydrogen bonds are . 1 

weaker, and fregueiicy shifts away from normal 1 

values are smaller (100 enr* at the mo.st). 

(These shifts nre only slightly larger than those 
that occur by modification of the physical state ' 

of the sample.) vNIl frequencies are lower than 1 ■ ■ ■ i_ 

vOH frequencies. In dilute solutions the vibra- 

tions of the two (free) groups can be readily i.ig. u-si lufrarrd syecirum 
distinguished. In concentrnted solutions their nf aniline In IhcN- II slrrteh- 
modifiention is more diffienlt. Hydrogen bonded *“8 realon. 

amidesalso absorb inthisregion.Figim* 11-81 .shows 

the infrared speetrnm of aniline in the 3000 -3600cnr‘ region in dilute carbon 
tetrachloride .sointion; the sharp bands of the NH, vibration ran be observed. 

a. N— U alreleliuig vibration. 

I. Piimary amines. The two stretching modes ol the NHj group give 
rise to two liaiids between 3300 and 3500 cm”*. 
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H H 

vNH isym 
3500 cm'* 

T]i« highrr frequency band at ca. 3500 (P'ig. 11-81) corresponds to 
the asymmetric mode and the band at ea. 3400 cm~^ arises from the symmetrir 
mode. The following empirical relationship exists between the two modes: 

V sym =345.5 +0.876 vasym (cra"^*). 

The observed differences do not exceed 4.8 cm~^ [32]. 

The frequency of the Nil, vibrations depends on the nature of the hydro- 
carbon group K. 

Aliphatic amines have lower frequencies and weaker absorptions than 
aromatic amines (Table II-lll). 


Table Il-llt vNHi IteqiieiieiM la primary amlaia [33] 


Amine 

Solutioa in ecu 

vaayml vByni 

Vnpor 

vaaym 

phnw 

viym 

MrthyJaniinc 

3308 

33 H 

342jS 

336n 

n-Propylamine 


3322 

.1410 

.1.142 

Isopropylamiiir 

3383 

sl319 

3434 

3312 

/i-Butylaminc 

3387 

332 ( 

3412 

3348 

Aiiillne 

3481 

.1394 

3407 

34in 

a-NaphlliyJamiiu* 

.'1172 

3390 

3478 

3401 

P-Nnphlhylaminr 

3475 

3390 

3484 



l^xeept for the first nieinber of the series, methylaniiue, which hii.s o 
higher frequency, all the other members of the aliphatic primary amines 
series show the two ahsnrpl ions (in .solution) at 3.187 +5 cm"^ and 3322 +5 cm“^ . 
In the vapor pliase the two ahsorptious oecur at 3425 tl5 cm~^ and 3340+10 
cm~‘. Aromatic primary amines absorb at higher frequencies. In sulution the 
bands occur at 3476 +5 rm~* and .*1301+5 cm~’, and in the vapor phase, at 
3487+10 cm-» and 3408+10 cm-^ 

The rise in Nil frequency observed in aromatic amines is characteristic 
for the NH, group. This behavior is different from that of the Oil group 
or of other groups ennjugated with the aronintir ring. Both groups (OH and 
Nil,) have identical electronic effects (— I and +£) and are involved in con- 
jugation, giving rise to structures such as (270) and (271), in whirh the nitro- 
gen and oxygen atoms become more positive. Therefore similar variation in force 
constants of NH and OH bonds could be anticipated. Indeed, in phenol electro- 
nic effects produce a derFea.se in force constant (in phenols the vOH vibration 
has a lower frequency than in alcohols) (Table 11-115). In amines the elec- 
tronic effect is shielded by a hybridization effect. In aliphatic amines the 


vNH lym 
3400 cm"* 









dROANlC NltAOOlCN CCMPOtTNpS 


31 ^ 


nitrogen atom with a pyramidal configuration has an almost sp* hybridiaa- 
tion. The forcr constant is innoenced by adjacent atoms or ^ups in the 
same way as in alcohols. However, in aromatie amines the nitrogen atom is 
partially rehybridiaed toward sp* due to conjugation. This increases the s-rhar- 

Tablt thm eaMtaati •! 0*H mI K.B WMi [34] 


D-H noiia 


N- IT nund 

Kim 

dyn/cm 

1I|0 

7.70 

NH. 

0.30 

ClljOH 

7.54 

(CIUNII 

6.40 

C,H,011 

7 3U 

6.31 

n-CtHiOll 

7.35 


6.08 

Oil 

CtlljOH 

7.2i) 


6.54 

7.27 

7.25 

(C,H5),NH 

GH|GgH4NH| 

CHjO-CgH^NIl, 

6.55 

6.50 

((:,lI(),CH01i 

7.26 

6.4S 

(C,H,),COH 

7.25 




after of the N— H bond. The bond becomes stronger, and the frequency of 
the N-H vibration rises (see strained small rings). 

In aliphatic and aromatic amines, the intensity of the vNIi, sym band 
is much higher than that of the vNII^ asym band. This can be explained by 
the vuriatiun of the dipole moment of NH 2 bonds in which unshared electrons 
ran be involved |.‘13]. 


'\ /" 

/ 

N+ 

-fO 

II 

II 

/\ 


1 1 

1 II 

V 

V 

(tre) 

(rr/) 


There is a linear relation.ship between the frequency of NHj vibrations 
in substituted aromatic amines and a number of thermodynamic and kinetic 
constants such as the kinetic Hammett-o constant [35] (see also [IG] and 
basicity [36— 38J). 

2. Secondary aminn H-NII-R. In dilute solutions secondary amines 
have a single vNH band in the range 3300 —3550 cm~^. In concentrated solu- 
tion a second lower frequency band appears, arising from the hydrogen bonded 
form. 

vNH frequencies in secondary aliphatic amines lie in the range 
3310—3350 cm"^. The band is very weak [32]. In arylalkylamines Ar— NH-»R 
and diarylamines Ar|NH, the frequency rises to 3430—3450 cmT^. Methylani- 
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line anti othylaniline absorb at 3430 cnr^ (30, 39] and diph^nylamine, at 
M33 cm"’ (40, 41]. The rise in fre<{uenry is followed by an increase in band 
intensity (s~ 30-50). 

3. Cgrlir serondarg amines. Ethyleneimine absorbs at 3450 ciir> in carbon 
tetrachloride solution [42, 43] and pipridine at 3347 cm"^ (43, 44]. In the 
solid state frequencies are lower. Pyrrolidine absorbs at 3125 cin"^ (KBr) 
[45] and ethyleneimine at 3341 140]. vNIl frequency and band intensity 

in secondary amines belonging to a heterocyclic aromatic system depend on 
the nature of the heterocyclic ring and the polarity of the hetcroatom. 

b. Hydrogen bonds in amines. The vNH frequency is sensitive to change 
of state and decreases on going from the vapor to the liquid or solid state. 
The shift due to hydrogen bonding docs uot exceed 100 cm~^, and in many 
instances it is of the same order ot magnitude as shifts associated with change 
111 solvent or change in state not involving hydrogen bonding. For this reason 
the interpretation of infrared spectra with respect to the formation of N -H...N 
bunds has been widely discussed. 

One may a.ssunic that in nonpolar solvents (benzene, carbon tetrachlor- 
ide, etc.) amines are free; for example, it is believed that in concentrated 
.solutions of aniline or even in the pure liquid, no hydrogen bunding 
takes place [17j. lii diphenylnniiiie with n more aeidic hydrogen atom, a 
shift of the vNlI hand iiy ca. 30 enr* is observed in the solid .state cf. 
solution. 

The low tendency of amines toward association is because of lower polo- 
rity of the N— II bond. Increase in aridity of the hydrogen atom, like, ior 
example, in diphenylamine and in tive-membered ring hetcrocycles (pyrrole, 
imidazole, indole), leads to hydrogen bonding under appropriate coiiili- 
lions |48|. The N— II group forms hydrogen bonds with alcohols. It has been 
shown that the shilt in fivquency is proportional to the pK„ of the amine 
|4f), 05). The tendency toward iioiid lormalion lietweeii the amine and the 
alcohol increases with the aciditv of the Oil group [51]. In aliphatic amines 
the rapacity to act as electron donors toward CllgOL) can be seen from AvOl) 
values shown in Table 11-110. The vOl) frequency (26R9 cm”>) in CH 3 OI) 
has been taken as standard [52 J. 

Table II US Freaueney ahlfti (AvOU) In bydn»|en iMBdIni 
betnnn omlnN nd CD, Oil 


BraidM irnilne 

v()]> bnndeil 

Avtil) 


ji-Biitylamlne 

2454 

235 

10.01 

/i-Propylamiiir 

2439 

250 

10.59 

l)i-n-lnilylamitie 

244!) 

240 

11.31 

Uiethyiamiiii 

2421 

208 

10.98 

niuopropyJamiju' 

2131 

258 

11.05 

Trl-n-butylamiiip 

2446 

243 

9.93 

Trlethylamina 

2400 

289 

10.78 
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The electron donating properties of ryclir amines vary vrith ring sine. 
The following values are obtained on bonding with CIIjOD [38]. 


V 9 

H H 




vOD cm-i 246S 2430 2427 2430 

AvOD cm-i 221 259 202 250 

pKa (26*) 8.04 11.29 11.27 11,22 

The threc*memb('red ring ih the weakest proton donor and the weakest 
base toward the proton in water. 

The binding of the NH bond to ketoginiips rediues the frequency to 
3220-3210 cm-i [53]. 

In a iiumlier of substituted aromatir amines, seseral hands occur in the 
vNIl region. In some instances they were assigned to hydrogen bonded N-H 
linkages, for example, in ^ - naphthylamine, 2>aminflanthraquiuone, o> and 
m-chlornaniline, p-phenylenediamine, p-nitioanilaie, etc. [54, 55]. 

To prove the existeiue ol conformational isomerism in ortho-substituted 
aromotic amines, partially dentorati'd amines RNHl) have been used, ris- 
{272) nnd Irons- (273) Isomers show two vNH bands nnd two vNl) bands char- 
aeteristie for priman' amines. 

’ \ A 


(srs) (jrs) 




In eompounds where X— Cli,, Cjllg, Cillg, OCH|, and F, a single normal 
absorption was obsersed. In »-(e/f-butvl.iiiiline, the hand is split (Table 
J 1-117) [5C]. 


Jable II-J17 Lhanelerliitle tnqufnelw In X-L,11|-NU|, X-L,il|>NHIl, Mi X>(^llrND| 



vN- 11 \lbratlon 


vN — D ^ibmlifin 


SubiLltuenL X 

«NII, 


vNBD 

*ND, 


vNDll 



tym 


uym 

ivm 



319.1 

U02 

.4470 

2609 

2492 

2562 



3425 



2531 

2 fe/^Buiyl-5-eh]or(i 

isni 

3408 

3476 

2016 

2494 

2571 



1433 



2537 

4 f^/f-Butyl 

J47‘l 

13'»1 

<132 


2485 

2534 





2455 







2443 


2-Ethyl 

3480 

3397 

.14,16 

2598 

2485 

2538 





2458 
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Jniromole6ul(ir hydrogen bonds. In molecules containing electron dona* 
ting groups surh as CO, COOR, NOa, along with the amino group intra- 
molecular hydrogen bonds are formed. These bonds are weak. Differences 
between associated and free bond frequenries are small and difficult to obsei^’e 
in NH absorptions, but can be delected more readily in the vC^O or vNO| 
absorptions [54, 57, 58], Frequency shifts in the following compounds are 


characteristic. 

^noocH 

,, coor.u 

^r.on„4 

f\ 




\/\ 

vCO, cm-^ 1730 

lOKi 

1730 

— 

vNH, cni-i 

3301 

- 

J430 

{SU) 

li7S) 

(276) 

(S17) 


A',,V-l)HiU‘thylHntlirnuilic csUi shows the iiuiiuai iivquenry of 

aromatic esters (1730 cm~^). In jV-methylanthranilic ester {275), both vCO and 
vNH frecpiencies are lower. (For comparison, in carbon letrarhloride solution, 
vCO in methyl benzoate (276) is 1730 rin~‘ and vNlI in N-methylanilinc 
(277), 3430 cm-^.) 

The intramolecular chelate hydrogen bond between adjacent Nil, and 
NO| groups in nitronaphthylamine results in characteristic Irequency .shifts [58], 
In dilute solutions of a-naphthylaminc, the vNf 1 asym band occurs at 3486 cm~^, 
whereas in l-nitro-2-aminonaphthalene it occurs at 3528 cnr’. The Nil sym 
absorption falls from .3412 cm"* to 3378 Simultaneously, a change in 
vNO| frequency (1.340 cm*'^) is observed. In this ca.se chelation stabilizes struc- 
ture (278). 


II 



(I 


N 


/ > 


0 


(iU) 


\ 




NO, 


\ 'N 
\ 


Ml, 




In 2-nitro-3-aminoiiaphthalcne (279). the weaker double bond character in 
the 2, 3-position is not sufficient to .st.'ibilizc the chelalc structure and the fre- 
quency remains unchanged (see also, ..Diols"). 

Large shifts arc obsei'ved in chelate compounds of a, ^-iinsaturated p-iiinino- 
ketoncs |59]. 

c. I^ansamralar dterta in ominokeloneB. The low vCO frequency in 
some ten-memhered ring alkaloids is believed to he due to trniisannulir 
effects (280) [OOJ 

I l»‘ I III. 

— C-N.- .-C 0 - r.~N*-(>-0. 
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The complete diB«ppe«rance of the carbonyl absorption has been explained 
by the formation of transannular bonds (i8J) [61]. Sjiatematic studies of some 
l-alkyl-l-axacyclanolones (aminoacyloines) (B8i) with rings containing 8*>23 
atoms (RasCH,, C|H^ CgHg), have shown that transannular interactions depend 
on ring size and volume of the substituent R at the nitrogen atom [62 -'65]. 
The observed frequencies are shown in Table 11—118. 


Table //-iif yCO and v Nll/OH frtqaenelii (mr^) In uMyrlnnolimci 



Cojnpouad 

Pne Bam 

Perehlorate 

n 

n 

Number of 
rlug atomi 

vGO 

vOII 

vCO 

vNIi/UH 

G.H, 

2 

7 

1701 

3458 


_ 

CIL 

3 

9 

1666 


— 

3440 

C|H, 

3 

g 

1671 

3428 

— 

3425 


4 

11 

1700 

3462 

1710 


U.11. 

4 

11 

1705 

3470 

— 

— 


R— 

(SSS) 

l-Alkyl-l*azacyclanoIones with 7,-ll,>13,-15i-17,-1&,-23-niembercd rings 
have normal absorptions atl700-1710 cm~^. In 8, >9.- andlO-membered rings, vCO 
frequencies are lower. The decrease is assigned to an interaction shown in {280). 
On perchlorate formation in the 9-membered ring compound the vCO absorption 
disappears completely because of the formation of a transannular bond (283). 

The absorption reappears in the ll-membered ring [66]. 

R— N+— i-OH 
(tSi) 

The same effect occurs in more complicated systems. In compound (284), 
the vCO frequency decreases to 1664 cm~^ and in the corresponding perchlorate 
it disappears completely [67]. 

The effect of the volume of the substituent 11 at nitrogen on transannular 
interactions in eight- and nine-membered rings is interesting [62, 63]. 

In compound (285), increase in volume of the group R from methyl to 
/-butyl results in a rise in vCO frequency from 1666 to 1698 cm~^. This means 
that the transannular interaction between the C=0 andN— K groups is steri- 
cally hindered by the bulky substituent. The cyclopropane ring has a similar 

effect (vGOsl695 cm”^). In the corresponding perchlorates R — C— OH 
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covtlent bonds are formed only in compounds with RsiCH,, C|H{, (Cn|)|CH. 
In the perchlorate of {S8S), where Bsf-butyl, the vCO frequency is normal 
(1706 cm"*). Frequency variation with substituents is shown in Table 11-119. 


Table Il-Ut vCO ul vNH/OH iNquMUlM (eni~') In l-nIkyl-l-iarjrvlanuUuri (eS5) nnl 

aerebltnln 


H 

Free Base 


Perchlorate 


vGO 

vNH/Oir 

vCO 

vNII/OII 


CH»- 

1660 

3410 

— 

3440 


C.H,- 

1671 

3426 

— 

3425 



1091 

340:) 

— 

3435, 328.5 



1U98 

3480 

1700 

3331 



1605 

— 

— 

- 



In the eight-membered ring aniinoketoue (2li6) with 11=CH„ the vCO fre- 
quency is 1683 cm~^ In the perchlorate, the vCO absorption does not ocriii, 
and the vOH band arises at 3380 enr* (siiucturc type 281). In compounds 
(3SJ) and (286), where R=cy(iopropyI [e. g., (387)]. the traiisannular cffcrl 
is also diminished (vCO frequency = 1695 cm“^, whereas for H — ryclohexvl 
vCO = 1687 cm-i). 



d. N—H deformation vibrations, lii infrared spectra of primary aminos, 
the NH deformation bands lie in the range 1560-1640 em~' (in plane defor- 
mation) and 650 —900 enr^ (out-of-plane deformation) [68]. 

Primary amines absorb between 1590 cm"i and 1610 cm"^. In aromatic 
amines, the bund cannot be identified readily, being superimposed on bands 
arising from the aromatic ring. o-Chluroanaline absorbs at 1613 cm‘~^ whereas 
m-chloroanihnc has two bands in this region (1613 enr^ and 1597 cnr^). 

The frequency of the deformation mode rises slightly on hydrogen bonding 
[69]. The out-of-plane deformation band occurs in all amines in the range 
630—900 em~^ and is generally broad [70]. 

In secondary aliphatic and cyclic amines, the SNHg absorption is very 
weak and dilficult to identify. The probable legion is 1490—1580 eiir'. lii 
secondary aromatic amines, the absorption is superimposed on the ring vibra- 
tion oeriirring in tliis region. On denteratioii, a band at 1510 cm"^ was detected 
W’hirh could be assigned to a 8N1I vibration coupled with the vCN vibration 
[71]. 
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€. €» N Btretehing vibratioiiStThc fieipiency of the vCN vibration does not 
differ from that of C— C bonds, but the bands arc stronger. In the aliphatic 
series, a medinm intensity band occurring at 1028 -1190 cra*^ is assigned to 
this vibration [18, 72]. 

Tertiary amines show two absorptions. Secondary amines have a band 
within the ran^ 1095-1190 crn'i [18, 72]. 

In aromatic am(ne.f freciuencies are higher because of the increase in C— N 
bond order ns a result of ronjugntion with the aromatic ring [18, 71]. 

Depending on the strneture of the amine, the band orrurs in the following 
regions: 

cni“^ 

prlnury amines, 12I>U-1340; 

secondary amines, 1250- i:i50 (1241-1262); 

tertiary amines, 1310—1360, 

N-Alkylated aromatic amines show two hands, at 1250—1360 cm**^ and 

1 180—1280 cm~^. The higher frequency band was assigned to the — N bond 
and the lower frequency band to the Caiibyi — N bond [69], 

f . The CHj -N group. The CH, group attached to a nitrogen atom in an 
aliphatic amine (CH 3 -NHR) absorbs at 2780—2805 cm"'. Cylcic tertiary 
amines absorb in the same region. In aromatic fV-methylamines (Aryl'NHCHy), 
the frequenry lies in the range 2815 —2820 cm"' [73 1. 

The dimethylamino group (CHglgN is readily identiliable giving rise to 
two cliaraeteristic absorptions, at 2810—2825 cur' and 27G5- 2775 cm"'. 
Their exliiietion coefficients (e) are 100—180 and 125—215, respectively. In 
addition, a weak absorption (e=25 -iS) occurs at 2730 riu"‘. If the dimethyl* 
ammo group is attached to an aromatir ring, Aryl-N(CHg) 3 , " single absorption 
oei'urs at ca. 2800 cm"' (e-- 60- 70). 

R. DERIVATIVES OF AMINES 

a. Sails 

With regard to vibration the — NH3 group in salts of primary amines is 
analogous to the — CII 3 group, a broad, strong band at ca. 3020 cm"', the 

ninmonium band, corresiiunds to symmetrical and asymmetrical vNHs vibra- 
tions. This absorption overlaps with absorptions arising from the CH stretching 
mode. A medium inlensiLy band sometimes ni curs at 2500 cm"* (assigned to 
an overtone). 

I- 

The asymmetriral and symmetrical 8NH, vibrations are identified by 
absorptions at 1570—1600 cm"' and 1500 cm"', respectively . They are difficult 
to distinguish, mainly in aroinatie rompouiids. 

+ 

Salts of secondary and tertiary amines have >NH 2 and ^Nll groups and 
are characterized by a broad absorption in the range 2250 —2700 cm"'. For 
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identification purposes the study of deformation modes in the 1600 cmT^ 
region is necessary. 

+ 

Quaternary salts R 4 N do not have characteristic frequencies in the infrared, 

b. Aminoxides 

The vibruliun of the N— 0 bund in aliphatic aminoxides H,N-»0 gives 
rise to a very strong absorption at 050—970 cm~^ [74]. 

Heterocyclic tertiary amines absorb at much higher frequencies (1200— 
1300 cm~^). Band positions in these slrucLures depend on the electronic effect 
of the ring substituent (see llclcrocyclic compounds [75]). The rise in frequency 
is attributed to the increase in - N * 0 ; bond order as n result of a larger contri- 
bution of the N^O structuro. 

c. Nitroamines 

The functional group of nitroamines consists of a iiitro group attached It) 
a nitrogen atom — N— NOj. The asymmetrical vNO, stretching mode has approx- 
imately the same frequency as in nilro derivatives of hydrocarbons, 1530 -- 
1580 cm~^. The frequency of the symmetrical viltrution lies in the range 1260 - 
1290 cm-i [76. 77]. 

d. Nifrosoamincs 

Vapors oi monomeric alkylnitrosoamiiies R^N— N=:0 have a strong absorp- 
tion at 1490 cm~^. In carbon tetrachloride .solution the absorption 
falls to 1450 cin~^ [78—81]. In the liquid slate the dimeric form gives rise to 

e 

an absorption at 1300 rm~^, in the N-»- 0 ~ vibration region of lieterocyclii’ 
aminoxides, where the contribution ol structures with N-0 double bonds is 
relatively large (see Ulmers of nitrusu-compounds): 

\ 

>N-N-0:»-» >-N-.N-0: . 


F. AZOMKTIIINES 

Azomelhines R— CH=N— K' (Schiff bases) have absorptions in the doulbe 
bond region 1630—1690 cm~^ because of the C=N group. Within these limits 
the vC=sN frequency in ozomethines depends on the nature of the groups R and 
H' (see Table II- 120) [82, 83]. 

The bands are of variable intensity. The intensity rises slightly on chain 
branching. In conjugated compounds the frequency falls and the bands become 
stronger. 
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Table tt-iu vC«]V iMVMMjr in iMiMlIdMt 
R-CB-N-R' 


In aiomethines.wbrrc 
K and R' are alkyl or 
isoalkyl groups, the fre- 
quency lies in the range 
1664—1672 cm"^. Chain 
length or degree of bran- 
ching does not have a 
marked influence on the 
vibration. 

In pheuylalkyl deri- 
vatives where the phenyl 
group is not conjugated with the C=N bond, the frequency falls slightly 
(1653—1669 enr^), regardless of whether the phenyl is K or R'. 

Compared to compounds where R and R'a alkyl, compounds branched 
in the 2>position have a slightly higher frequency than those with normal 
chains or with branching in more remol positions. 

Conjugation with aromatic rings results in a decrease in vC=:N frequency 
to 1645—1650 cm~^. Conjugation with C=C double bonds in unsaturated azo- 
methines results in a slight decrease in frequency (1658—1064 rm"^). The phe- 
iiumenoii is more intense iii styryl derivatives. 


H 

H' 

cm** 

Alkyl 

Alkyl 

laes-ien 

Phenyl 

Alkyl 

1629-1654 

Pheuylalkyl 

Phenylalkyl 

1653-1669 

Phenyl 

Phenyl 

1645-1650 

Double bond (a, 3) 

Alkyl 

1658-1664 


G. AZINES 

Aziiiis have a C— N double bond. Aldazines {28S), similar to azomethines 
absoib at 1580—1670 (m~‘ [84, 85]. Acetaldazine absorbs at 1664 cm'^ 
(CllClg). In spectra of aziiies of some polyenic aldehydes {28S) with n=2, 4, 6, 8, 
and 10, several bauds occur 111 the double bond region. In this case, the vC=:N 
vibration cannot be distinguished from vC-^C. The highest frequency falls 
with increasing number of conjugated double bonds (see Alkenes). The main 
(stronger) bands have frequencies of 1600-1650 cm”^ and 1550—1580 cm“*. 
('.rotonaldehyde aldazine hns three hands, at 1521, 1529, and 1650 em**^ (in 
chloroform). 

R CII N-N=Clin K(CII*-CUm-CII«N-Ni^CII-ICII-.CH)„R 
(2SS) (2S8) 

The CIJ deformation vilmition in aliph.it ic azines gives rise to absorptions 
111 the 1440—1450 cm“* region. 

In furfuralazine the frequency is higher (ea. 1470 cm”*). 


II. AZOXY COMPOUNDS R-N«N-R 

I 

O 

The N-*0 group in aliphalic nzoxv eompoiinds gives ri.se to a band at 
1250-1316 cm”i and the bond, at 1490 -1515 cm”* [86]. In the spec- 
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triim of uoxymethanc CH|— N^N— CHa the bands occur al 1342 and 1527 cm*^ 

and in FaC--N=N-CF„ at 1270 andl579 cnr» [87, 881.The N=N vibration in 
0 

aromatic aaoxy compounds could not be identified due to superimposition with 
aromatic bands and low intensity of the absorption. 


1. AZOCOMPOUNOS R-N-N-R 

The N^N chromophore is characterized by its ultraviolet and visible 
spectrum. In the infrared, the absorption is weak even in asymmetriral mole- 
cules. In aromatic azocompounds aryl — N=N— aryl bands have been observed 
at 1577^8 cm“^ and 1046 il4 cm"* (89, 90]. /ran.s-Azobcnzene absorbs at 
1457, 970, and 750 cm~^ and cis-azobenzene, at 1330 and 1225 rm~’ [01, 92]. 
The two isomers have a eommon band at 927 cm~^ which is absent in hydrazo- 
benzene [91]. 

Some correlations based on molecular symmetry hose been attempted for 
azobenzene and azobenzcncs substituted in the 4,4' positions with haIo{;en. 
methyl, ethyl, and methoxy groups in various solvents [93], In polarized light 
all compounds clearly show dichroism in solid stale [91]. 


J. D 1 A Z 0 C O M P 0 II N 1) S 

a. Diazonium salts 

The cliaracterislicaiisorption in diazonium salts is due to the cation Ar- X^. 

Electron distribution in diazonium salts is represented by struetures (290), 
(291), and (292). 

I -N- N 
(S92) 

Struetnie (290) lias tlie largest contribiilinti. ('.onsequciitly, tlic absorption 
of the CN, bond will occur in the triple bond region; 2237 -2301 em”' (vC— N, 
2212—2257 cm~^; vN=:N, 2210 - 2300 cm~^). Band position depends primarily 
on the structure of the cation. Changes in anions result in shifts of up to 40 em~^. 
The highest frequenries orcur in fluoborates. 

Frequencies of some heiizenediazonium salts are shown in Table IT-121 
(95, 96]. 

Electron attracting substituents lavoring structure (290) increase the vN^ 
frequency; however, the effect is weak. Substituents with a strong -|- E-effoct 
have considerable influence; for example, diazotized p-dialkylaminoanilines 


V-N=N: ^ 


\ 


;=> 


(sao) 
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absorb at 2137-2151 

Table U~1U vNafniOMMlM la llanataai nUs [M, M] 

cm^. This is a proof for 



uNiSn^gmey. 

appreciable electron shifts 
toward structures (291) 
and (292). 

In p-aminobenzene- 
diazonium fluoborate 

(2183 cm"’), the contri- 

Dlazonluni catiun 

Afilun 


hFr 

ZnCl;' 

FeCIj 

Ida 

Cl- 

2383 

2268 

2266 

2257 

2252 

bution of structure (292) 

p-ClI,-C,iltN, 

iiFr 

2263 

is smaller than in dialkyl- 

4- 

ZnCIf 

2267 

amino derivatives. 

p-0,N-C,H^V, 

BFj 

2306(2206) 

In diazosulfanilic 

m-HO-C,H4N| + 

BFJ 

2288 

acid (29S), the frequency 

P-(C,H,),N-C,H4N, 

BFJ- 

2151 

(2273 cm"’) corrcspond.s 

p-nO-CtHiN, 

BFJ- 

2110 

to a zwitterionic strucl- 
uie with triple bonded 

NiC,H4-C,H«N, 

BFr 

ZnClr 

2296 

2270 

nitrogen. 





The large schiftt in diazonium salts of p-aminophenol arc due to the quin- 
oiiediazide structure (see below). 


N=N 

Y 

&(»;■ 

(«3) 


1). Diazoalkanes, dinzoalkenes 

Tlie first member of the series, diazomethaiiCj has been extensively studied 
197—100]. In its spectrum reeorded in the gaseous phase, the N| vibration 
was assigned the 2100 enr^ band. In solution this band oecurs at 2075 cm"’. 
The eleclronir struelure of diazoiuelhaiie is ri'incseiited by structures (204) 
and (295) [lOlJ. 

TT + + — 

CH,-N=N<- ♦CJl,-N-=N. 

(:’»<) (iJJ5) 

On sub.stitution of hydrogen atoms ui diazomethane with alkyl radicals, 
the frequency falls. In monosubstituLed compounds R— CUNj the frequency 
is 2037-2019 cm"’, and in dibub.stituted compounds RjCN,, it is 2012- 
2033 cm"’ [102j. The frequencies are much lower than in aromatic diazu- 
eompounds (ca. 2270 cm"’). This shows a swaker triple bond character between 
the two nitrogen atoms and, consequenllj, n larger contribution of structure 
(295). 



SM infrared spectra of organic C0MP017NDS 

The predominance of structure { 291 ) or (295) in substituted phenyldiato- 
methane depends on the nature of the substituent. Groups with a — £ effect 
(NO|) shift the band toward higher frequencies and those with a +£ effect 
(— NRj) shift the band toward lower frequencies. Diazocyclopcntadiene (295) 
absorbs at 2083 Contribution of structure (297) is obvious [103]. 



dae} (tff) 

Characteristic frequencies of some diazoalkanes, diazoketones, and diazo- 
esters are shown in Table 11-122. 


Table II-I12 OiarMlerlitle Ireaunrln In SluoconiiMiuidi, mIuIIod In rarbon 

teirnrhiarida fl04] 

DlBMcompoimd Frequener, nii~' 


Disroalkanes (R|CN,) 


ij iHFDttiKaut; 

CH,N, 

CH,C11N, 

C,H,CHN, 

c;h,chn, 

CJliCHN, 

(C,H^CN. 

p-no,-c,Hchn, 

Diazoketoiii 

C,H,COCHN, 

207ri 

2037 

2045 

204J 

2037 

2024 

204M 

2013 

(liCOCHN,) 

2002 1621 

1 3C(I 

p-ch,o-c:,H4COciin, 

2101 

1621 

1357 

p-NO.-CiUtCOCHN, 

2101 

1629 

1344 

p-CH,-C;,H|COCHN, 
at-C„II,- COCIIN, 

2092 

1647 

1366, 1339 

2088 

1629, 1613 

1348, 1335 

P-C„H,-COCHN, 

2002 

161.3 

1366, 1334 

Dlazokrtnnts 

C,U,COCN,C|Hf 

(nCO-CNj-K') 

20b2 1623 

1350 

C,H|COCN,C,H, 

20(i2 

1(j13 

1348 

IllB/DC&lirs 

N,CHCOOC,llt 

(NjCIlCOOU) 

2101 1(>05 

1376, 1348 


e. Diazokelones 

Diazoketones are i haractenzed by tbii " <>linng biuids, at 2058- 210(1 enr^, 
1600—1650 em"^ and 1330—1390 cnr>. The first band occurs in ketones 
RCOCHN, at 2088 -2101 cm-*, and iii RCOCR'N, at 2058 - 2075 cm’*. (The 
majority of the latter compounds absorb, however, at 2058-2062 em~^). The 
absorptions are assigned to the diazo group [104, 105]. 

The second band, assigned to the carbonyl vibration occurs between 1600 
and 1650 cm~^. In compounds with B= alkyl, it occurs constantly at 1645— 
1647 cm**^ (except diazocamphor and diazoaccnaphthenone with strong bands at 
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1681 -1685 cm"^). When n*qs aryl the frequency is slightly lower (1605—1629 
cm“>)- All diflzoketones have a third strong band at 1 333-1389 cm’* (soffletlmes 
doubled). 

The higher vNg frequency in diaaoketones is because of the contribution 
of structures such as (898), involving the carbonyl oxygen, which intensifies the 
triple bond character of the diazo group [104], 

+ + _ 

R-C*-CH-N£N >*— V R-C-CI1-sN>N: 

I II 


(tft) (lt9) 

The rise in frequency of the diazo group parallels the decrease in vCa=0 
frequency. 

Shifts in the same direction also occur in diasoesters; for example, diazo- 
ncctjc ester shows absorptions at 2101 (N*), 1695 (CO), aud 1348, 1376 cm“>. 

In diazoketones and diazoestors with several (',=0 groups in the molecule, 
the contributions of betaine structures (300)~(3fiS) ran be evaluated from shifts 
of N| and C=0 frequencies. 


-r O' 

I . 

r N-N. 

I 

( «() 


-r=--o -r-o* 


I 4 

(' N _N 

II 

<’ -V 


I S. 

r sr-N: 
-r— o* 


(mi I Mil (Ml) 

The effect uf the CO group in diazokelones in favoring the betainic slruc- 
turc {300) is greater than that of the COOR group in (liazocsti'r.s. 

The highe.st frequency is observed in diazouratyl (303), diazobarbituric 
acid {304), and diazotctronir acid {30S) (2151-2188 cm“‘), where the betainic 
structure (399) prcdoniinanles. 


0- 

1 

0 

]l 


II, u Cil, 

1 

, f 

II 

1* 

0 


r/ \ 4 

/L\ 

/ \ » 

l' H 

/ N 

N (:-N=N 

1 

UN C-N=N 

i. G-NSN 

llfi cil, 

1 II 

C CIl 

1 II 

0-G G-0- 


0^ C C--0 

\n/ 

\n/ 

\ II 

(:ii,-c-o- 

\c/ 

11 

u 


N, 

(303) 

(JW) 

(305) 

(300) 


In diazodimethyldihydroresorcinol (399) the contribution of structure (399) 
is lower (2151 cm~’, along with two distiiirl ab.sorptions at 2193 and 2257 cm~^), 
The same situation occurs in benzoyl diazoace tic ester (397). 

C,H,COCN,COOR ROOCCN,(CH,)hCOCN,COOR 
(jsr) (S0S) 

N,HCC0(CH,)»C0CI1N| 

(»»t) 
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Contribution of structure (30ff) is less important also in 6ij>diazo-fi->keto> 
esters (SOS) where ii=4, 5i 7 (21 46-^21 60 cm"^). biS’Diazoketoncs (309) (n=s 
4, 5, ... 7) with a single G=0 group next to the diazo group absorb at the 
lower end of the range. The frequency rises also in structures such as (310), 
corresponding to diazocsters (308) and diazoketones (309) where ns=0. This is 
due to the increased contribution of structures (300), the same as in (303) and 
(304). 


-CO-CN,-CO-CO-CN,-CO- 

The rise in frequency of the diazo group parallels the fall in frequency 
of the C=0 group in the ketone or ester. The frequency of the carbonyl in 
diazoketones (309) is 1620—1626 cm“^. In benzoyldiazoacelic ester (307) the 
frequency falls to 1618 cm“^ under the influence of the benzene ring. In his- 
diazoketoesters (308) the frequency rises with n; for n=-1, v(;0=1650 enr^ 
n=7, vCO=1667 cm”^. 

Diazopyruvic ester (311) where the diazo group is not adjacent to the ester 
group has a normal absorption (same as in simple diaznketunes), at 1626 cm~*. 

N,I1C-C0-C00R 

(371) 

d. Diazophmols, diazonaphihols (quinonediazides) 

The participation of structures (312) and (SIS) is olAioiis from frequencies 



f _ 
-N-N; 



(91!) 


(Slg) 


of the N, and C— 0 groups. Diazupheiiols absorb at 2015- 217.1 cm~^ (diazo- 
group) and 1610-1610 cm-» (vCO) [106, 107]. 

In o>quinonediazides cyclic structures such ns (314) .arc excluded on the 
basis of infrared absorptions [106, 108]. 


vNj, enr* 
vCO, cin”* 



N«N 


A-'' 

1 1 


\/ 


(oH) 

Ni 


II 

II 

/\ 

/\ 

II II 
\/ 

\/ 

0 

U 

0 

0 

2110 

2173 

1618 

1618 

(ilS) 

(318) 


S 


f^\/\ 

\ II H 

xyv' 


u 

0 


2014 

1618 

(M7) 
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vNj, eni"* 
vCO, cm~^ 


vN|, Liir* 
vCO, cnr-’ 





2175.2140 2175,2130 2205,2158 

1820 1613 1613 

(Ji«) (320) 



1022 IGIO 

(311) (323) 


In it number ot substituted quinoncdiazides (31f5)—(323) frequonrics 
he III the riinge 2091 -220U (m~h In many instances bands are split into two 
ioinponents of equal intensity. A weak band occurs at 2220 [105 -108]. 

The C--0 group absorbs at 1620— 1610 rnr^ (in the majority of cases, 

nl 1620 cm"'). This means that the C— 0 group is polarized, >C- 6.". 

Treqiicni'V sanation of the group in vaiiuus diazo compounds is shown 
111 Table IM23. 


Table 11 123 Frequvnry nf thn N, Btrulchlof \ilinillon In dlnioeompotiodB |1U4] 


C onipound 


Frequency, cm*' 


Aromatic cliaronium salts (ben/enc, iiaphthaJenr) 

2232-2304 

DiaBosuJfanlJic acid 

2208-2283 

Diazmiracy], diarobaibitunc and, diarotetronir acid 
Diarodimcihyldihydrorcsorcmol Bcnzoyldiazoacetic isUr, Dia- 

2151-2188 

ronlum perbromides 

2212-2252 

P, p"-Dio\r>-a, a^-bls-dlazocaiboxylic ester 

R OOC - CN, - CO - (CHa)» - C 0 - CN, - COOFi 

Diazotized N, .V-'dlmcthyl-p pheiiylenediamint 

2146-2160 

2141-2151 

A/aserine 

2146 

niazophenols, 2’diazonaphthols 

2110-2174 

^is-Dlazoketones, N,GHCO(GH,)COCaN, 

2120-2128 

Diazoacetlc ester 

2101 

Dlazoketnnes RGOCHN| 

2088-2101 

Diazocyclopentadienc 

2083 

niaromathanc 

2105; 2073 

OlazQketDiieB (RGOGN|R^ H and R'c.ajky], aryl; 

Diazoalkanes, R-GHN| 

2056 -2062 

2037-2049 

DUzoalkanea, R-CN,-R' 

2012-2033 

1-Dlazonaphthol 

2016 
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K. AZIDES 

The structure of the N, group is represented by structures (323) and {S23). 

.. + "S' "jr + S— S+ 

R-N-N:iN:-— *-n-N-N:;N: or R-N^ -NmiN, 

«M) lUi) (aUB) 

The N, group has two vibration modes, symmetrical and asymmetrical. 
In inorganic azides with linear structure, the symmetrical vibration is inactive 
in the infrared; for example, cry-stallinc ammonium azide absorbs at 2050 em"^ 
fvN, asvm) and does not show any absorption in the symmetrical vibration 
region [109], 

III oi^anic azides the vNg asym frequencies lie in the range 2083—2140 cm~^. 
The absorptions arising from the symmetrical vibration are much more variable 
in position and lie in the range 1256-1351 cm“* [110—113]. 



Fig. 11-82 Infrared spectrum of IripheiiyJmelhylaziilr [ll.SnJ. 


Mcthylazide has a strung hand at 214 1 enr^ mid a weaker one at 1351 rm"^ 
[111]. Ill higher memhers, the frcqueiiey is slightly lower. n-l3ulylazido aksorbs 

at 2083 and 1256 enr' and n-de- 


TaHf H-124 vA, IrequeneleN In ■ronioiie aridra IIA, 
1112, I13a1 


11 

vN« ah>ni 

vN, fk>m 

Phenyl 

2144 

1287 

Triphenylmclhyl 

21U3 

1258 

p-TulyJ 

2092 

1261 

p-Broinopheny] 

2110 

1287 

p-Niirophenyl 

2114 

1285 

m-Chlorophepyl 

2090 

1288 

o-Chlorophenyl 

2088 

1297 


ey lazide, a 1 2002 and 1250 rnr^ 
Cyelopontylazide and be nzylazi- 
de have the same absorption as 
n-buty lazide (2083 and 1256 
enr^) 1 112, 113]. Triphenyl- 
mellivla/ide absorbs al21 03 and 
1258 curl [113 a] (Fig. 11-82). 

In aromntir azides the 
Irequeiic} \aries'with the posi- 
tion and nature of the sub- 
stituent (Table 11-124). 


An increase in frequency is obsers'cd in the order phenyl, p-bromopheiiyl. 


and p-nitrophenylazide us a result of a greater eoiitributinu of the riiazoiiium 


structure {32i) (in diazonium salts the absorplioii occurs at 2260 cm~'). 
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L. OXIMES 

Aldoximcs and ketoximes are characterized by absorptions of 0-~H,N—0» 
and C— N bonds in C=N— Oil. The frrquenries of these vibrations are 
I114-116J; 


Krequeney 

I'ree voil 

J)onded vOIl 

VC-N 

VN-0 

cm 

3500 -3650 

3130-3300 

1650-1685 

930-060 




1618-1660 



a. V 011 Stretehing Vibration* In oximes of aliphatic carbonyl com- 
pounds, the free vOH vibration (gas or dilute solution) gives rise to absorp- 
tions at ca. .S60() cm~*. The frequency falls by ra. 20 cm~* on replacing the 
r.Ha groups III acetone oxime (3601 cm~^) with two phenyl groups (benzo- 
phenone oxime, 3582 cm"*). The decrease m frequency is larger in hcnznld- 
o\ime (3501 rm“^) than in acetaldoxime (3600 cm”^). The decrease in frequency 
111 the aromatic series is due to conjugation with the benzene ring. The vOH 
Irequency in oximes is closer to that of phenols (phenol, 3605 cm**^) rather 
than to that ot alcohols (C|I 1(01 1,01 1, 3622 cm"^). The bonded Oil band occurs 
at 3100—3300 cnr^. In most oximes (except benzaldoxime) it is doubled 
(see Table 11-125). 


Table II-ISj Fr^queuplrn and aiilDelloii roefflclents ot vOH vlltfaUona In oilmra 


Oxiine 

tonnula 

Free vOH 
rm-* 

Bonded vOH 

tg, Blonomer 
(cmVmole) 

AceUldoximr 

CH,ClIoNOIi 

3600 

3130 

168 



3300 


Acetone uxiuic 

(CH^C-NOH 

3604 

3130 

157 



32B0 


Henzophenone oxlnic 

(C,1I,),C»N01I 

3562 

3180 

226 



3290 


Benzaldoxime 


3501 

3315 

3130 

3260 

261 

Cyclohexanone oxime 


3000 

166 


The two bands can be interpreted as arising cither from two different 
types of hydrogen bonds (0 -H...0 or 0--n...N), or they may arise from 
hydrogen bonds of polymeric or cyclic aggregates. 

b vC= 3N Vibration. Saturated, nonconjugated compounds have weak 
or medium absorptions at 1650—1685 cm~^. Acetone oxime absorbs at 1671 
cin"^ {117); cyclopenlaiione oxime at 1681, and cyclohexanone oxime at 
1661 cm"^ i71^> A rise in frequency in the five-membered-ring oxime is 
observed, which is in agreement with its increased strain (rise in frequency 
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in the five-membered ring, as compared to the 8ix*membered ring, also 
takes place in other functional groups see Ketones, Anhydrides, etc.). 

c. N—O Vibration, The N—0 vibration has a strong absorption bet- 
ween 925 and 970 cm~* (^7d). The frequency corresponds to a nitrogen-oxygen 
bond adjacent to a double bond. 

Infrared spectra may provide some information concerning the geome- 
trical isomerism of oximes {Hi). 

1. Formaldoxime. At normal temperature formaldoxime Gllj— NOII 
exists as a trimer with the probable structure {32S). The spectrum of the 
monomer can he recorded only in vapor phase (717). 




,011 




HO N' Y,llg 

^011 


(3«) 


C1I,-=N0H 


Trequency assignments fur the first members of the senes aie shn«ii in 
Table 11-126. 


Table tl-lit (ihuiFleriaUe IreiUBaeles la formaltexine and aratoue 
oilme !■ the vafor phue 


Vibration 

CH,-NOII 

(Giii),(:^Noii (nii,).GrrKon 

vOil monomer 

3646 

3650 

2688 

vGHs sym 

3098 

— 

- 

vGH| Bsym 

2976 

- 

— 

vCH, aiym 

— 

2324 

2333 

vGllg sym 

— 

2657 

2874 

vC»N 

1642 

1662 

1069 

tCH, lym 

1410 

— 

— 

3CH, uym 

— 

1458 

1451 

8CH, lym 

— 

1377 

1379 

80H 

i3ir> 

1340 

985 

8CH, aiym 

1154 

1086 

— 

tCH, 

— 

1051 

1055 

c 

1 

1 

1 

asB 

322 

017 


The spectrum of acetone oxime in the crystalline slate or in solution 
shows large shifts in vOIl frequencies (3185 cm~^), 8011 frequencies (1 177 riu~^), 
and vC=N frequencies (1672 cra“^). 

2. Dioximes. Spectra of dioximes (glyoximes) show some special features 
connected with the configuration of the molecule. Frequency shifts are of 
value in distinguishing anti (326) and amphi (327) isomers 

n-c-c-R' n-c — c-R' 

U U II II 

NOH NOIl 
(3t7) 


HO-N N-OII 
(Sit) 
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t^queocy auignments based on studies of aliphatic, alicyrlic, and halo 
dioxime spectra [116-121] are shown below: 


Fre^iueney 

vOH 

vC»N 


AOII 

vOH 

enr* 

:fi75 :)35fi 

1610-1R4O 

950 -1000 

1450-1630 

760 


Comparisoii ot metiiyi- and dimethviglyoxime « ith monorhioro- and 
(lirhioroglyoxime and the corresponding deuteratod compounds [118[ shows 
that the haiogen atom reduces the vN- 0 frequenev and doubles the G-=:N 
band (Table 11-127). 


Table Il-lir tJuuiiftrrbllr Ireqaem-lM in aioxiuim (in KBr) (118] 


Com]H)im(l 

vOIl mi-' 

vC-N 

vK-0 

80H 

blovani* 

hoiutlon 

in KBr 





Methylglyoxime 

3269 

3195, 3247 

1621 in 

952 

‘ 1433 

Dimethylglyoxliiu* 


3215 

1621 u; 

970 

1441 

Dicliloroglyoxiine 

3236 

3257 

1623U* 

1000 


ajnpA^Chloroglyuxinif 

3247 

3155, 32s3(i 

1626, 1502 

96B 

1271 

cin/f-Ghloroglyoximc 

3268 

3155, 3289 

1610iif 

978 

1403 


The vC- N vibration in nnh'-glynxiines gives rise to a weak absor- 
ption at 1021 (n^^ i-oiiesponding to a centrosymmetncBl structuie 
(326). o/npAi-Chlorogiyoximc has a doublet ot medium intensity assigned 
(0 the x-m configuration (327). 

vOn Mbiutioii. In concenlraLed solutions or in KBr, glyoximes 
absorb at 3125—3300 cm'* (bonded vOlIf.The frequency of the bonded hydro- 
xyl is higher in chloro compounds. In nniphi-chloroglyoxime the absorptions 
due to the bonded hydroxyl (3155 and 3236 rm~^) disappear on dilution; 
however, a hand at 3217 rm~^ persists. It is assigned to the intramolecularly 
bonded hydroxyl. On dilution the other compounds show a single band at 
ca. 3300 cm"^. 

The N— 0 frequeiuy dues not change much with configuration. 
TIow'ever, it changes with the notiire of substituents rising from 052 cm~^ 
m dimethylglyoxime to 978 cm~> in an ii-chlorogly oxime and 1000 ern't 
in the dichluro derivative (US). 








INFRAftED SPECTRA OF ORGANIC COMPOUNDS 


3. Quinone oxiinn. Spectra of quinone oximes are unch more compli 
cated than those of simple oximes due to the tautomerism (8$S)s^(Sg9). 



NOH 

■I 

NO 

1 



II 

/\ 




II II ^ 

1 J 



\/ 

n 

0 

\/ 

1 



OH 



(«*) 

(«») 


NOH 

NOH 


0 

II 

U 0 


II I 


/V\y 


/W 

II 

0 



w 

(JJ0) 

(431) 


(JJ£) 


In the solid state or in nonpolar solvents, the quinone oxime form (32S) 
predominates. NitrosonaphthoU- 1,4 and- 1,2 show the same tautomerism. 
The eharueteristic frequencic.s are shown in Table 11-28. 


Table Il-ltl Chmetwlslle fnevenelai la eulaons moDoaalaiM |122] 


Ck>mpoiind 

vC< 

^SoTidT 

-0 

In CLI, 

Deuteraled 

N 

hOU 

vN-OX 

X-^li 

X-CII, 

1,4-Beiizoquinone 

oxime 

1628 

1648 

1632 

1555 

1450 

1037 

1 |4-Naphihoqu inone 
oxime (IJO) 

1630 

1055 

1626 

1577 

1442 

975 

1 »2-Naphtlioquinone- 
2-oxime (JJiB) 

1668 

1680 

1663 

1550 

1432 

1069 

1 p2-NaphthoqulnonB- 
1-oxime (3J1) 

1618 

1632 

1616 

1526 

- 

1075 


The data show that the vCsO frequency is close to that of 1,1-benzo- 
quinone (1667 cnr^) or 1,2- and 1,1-naphthoquinone (1678, 1675 cm~^ res- 
pectively). It also corresponds to the vCO frequency in oxime ethers. The 
low' frequency in I,2-naphthuquinnne-l-oxime is due to chelation. 

The vG=N frequency is much lower than in nonconjugated oximes. The 
band is strong, cf. aromatic aldoximes and ketnximes which give rise to weak 
absorptions. 

The increased vN— 0 frequency (1075 cm~^), cf. simple oximes 
(930 —960 cm'’^)i is believed to be due to a larger participation of a nitroso 
structure, where the N— 0 bond order is increased [122J. 
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M. ESTERS OF NITRIC ACID (NITRATES RONOi) 

Nitrates contain the bond 0— NO|, Their infrared spectra show absor* 
ptions arising from NO, stretching and deformation vibrations and from the 
0~N vibration. 

Frequency assignments, by analogy with nitric arid are shown in Table 
1M29 (2, 5, 123-125]. 

In secondary alkyl nitrates the 1282 cm~^ band is often split into a dou- 
blet. 

Straight-chain alkyl nitrates show a band at 724 cnr’. Us intensity 
increases with chain length. The band arises from the yOlljr vibration. The 
ratio between the intensity of this 
band and that of the 757 cm~i hand 
(yNOj) may be a measure of chain length. 

Methyl nitrate has two strong 
hands, 1629 (m~^ and 1270 im~' and 
ii broad central hand at 851-870 (m“‘ 

M. 126]. 

Primary and secondary alkyl ni- 
liates belonging to the alkane .senes 
with 2—16 carbon atoms have strong 
jbsorptions shown in Table 11-129 [4, 125] . 

In cyclopcntyl and methylcyclohexyl nitrates, vNO, bands occur at 
lfi.30 and 1277 cm"* and vO-N hands, at 860 rm“^. 2-PhcnyIelh\ 1 nitrate 
lias the same absorptions. 


Table 11-129 taunrierlstlp 
freiiasnriw la ultiales 


% Uiralion 

Frequency , cm-‘ 

vNO| a^yin 

1020-1610 

vNO, gym 

J272-1282 

vO-N 

855-870 

yNO, 

750-760 

SNO, 

694-708 


N, ESTEK.S 01- NITROU.S ACID (N IT H 1 T E S, R0-N--0) 

Spectra oi alkyl nitrites show a doublet at 1650—1680 rm~^ and 1613— 
1625 cm~^ 1127—131] that w’os assigned to the NO stretching vibrations, 
ihe relative intensity of the two absorptions sarics with temperature; there- 
torc, the existence of an equilibrium mixture ol syn and anU isomers was 
assumed (127). The higher frequency arises from the anti isomer and the 
lower frequencN Irom the .sgn isomer (Table 11-130) [127, 129, 132|. 


Table 11-130 (Lhararl«rlitlr IrrqMuelH In nllrllfb 


Nltrltei (vapor) 


jsyn form 


anh form 


N-0 0-N O-N-0 N-0 0-N 0-N--0 


CILO-N-O 

1625 

Hii 

017 

1681 

814 

565 

UGfl,-0-N»0 

1620J 2 

820 { 10 

68U12 

1674 J 4 

70.515 

COOdbZD 

HiRiCIl-O-N-^ 0 

1615 J 2 

680 i 2 

1665 ±1 

779db4 

598d:6 

H,R,R,r.-0-N-.O 

16l2f2 

680 

t6.53i 1 

758i7 

617d;4 
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The frequency depends on the nature of the alkyl group. It decreaseik 
in the order methyl ;> primary alkyl > secondary alkyl > tertiary alkyl. 

The equilibrium shifts toward t^ anli from with increasing size of the 
alkyl group. 

The tempernturr dependence of the equilibrium between the two isomers 
and the fart that bulky substituents favor the anti form suggest the exis- 
tence of a conformational isomerism made possible through free rotation about 
the N-0 bond. 
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GHAPTEK 6 

CARDONYI, COMPOUNDS 


Tho pre.sencc of a carbonyl group in organir rnmpounds gives rise to a 
.strong absorption between 1650 and 2000 rm~^. This absorption is one of 
the most extensively studied with regard to both frequenev and band inten- 
sity. It is the most representative type of vibration localised in an indivi- 
dual bond. 

The frequency of vibration arising from the carbonyl group depends 
primarily on the force constant. The mass of atoms or atomic groups attached 
to the carbon atom affects the frequency to a much lesser extent. 
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The factors determining vibration*; in the force constant are electronic 
effects (inductive and conjugative), electric field effects, and steric effects. 
These effects are cumulative and the rontribution of any one of them oaii 
be estimated only approximately. Under the influence of these factors, the 
electronic distribution in the carbonyl group is best represented cither by 
structure (33S) or (333a). 

B, K, 

\ .. \4 .. 

c-.0f< — ► C-0:- 

/ / 

K, R. 

(SS3) (IJSO) 

The Ri and 11, groups can exert an inductive effect ff or —I. If 
they arc elertron donating ( I /) (alkyl. CAcloalkyl), electronic shifts toward 
structure (33>h) are favored. The bond order falls; the force constant is lowered. 
Hence the froquenry decreases. 

For example, in Ihe serie.s formaldehyde, acetaldehyde, acetone, on sub- 
stitution of the hydrogen .nlonis with one or two methyl groups, res|ieclively, the 
vCO frequeiity folks from 17~UI rm~* (forinaltlphyde) to 174, '> cni“^ (acetal- 
dehyde) .and 1718 rm (.iretone). In the case of elertron with drawing groups 
(—}) (alkenyl, alkynyl, and aiyl) the -I effect is dominated by Ibe conjn- 
gntive effect and in.slcad of rising, the frequency oJ the rnrbonyl group falls; 
for example, acrolein nb.soii)h at 1723 cm'* cf. acetaldehyde which absorb.s 
at 1745 enr^ . 


-rH=Q:ii— CH 



(3JI) 

Sub.stitnlioii of the II, and/nr R, group in formula (333) with llal. Oil, 
OR, Nil, NR,, etc. with opposite I and E effects leads to different classes 
(acid chlorides, acids, mid functional derivatives of the carboxyl group). 
They are described in the following chapters. Characteristic vibrations nl 
complexes with metal carbonyls .show a special behavior. 

The electric field effect ran occur in molecules in which the carbonyl 
group is situated at a consetiicnl dhstniiee from another polar group. Such a 
situation i.s enrounlered in .some ronformationai isomers of «-halncarbonyl 
compounds. 

The steric effect resulls in a certain configuration of the innleculcs, 
inhibition of roujngntiuu, nr, in the case of cyclic compounds, in ring strain. 

The position of absorption bands nri.sing from the carbonyl group can 
also be affected bv intra- and intermolccular hydrogen bonding, physical .state, 
and solvent [1]. 

The highly jiolar character of the carbonyl group gives rise to strong absorp- 
tions in the infrared. The fact that the band does not overlap with other bands 
is of special analytical value. As opposed to the Ranum spectrum, in the in- 
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frared 8p<>ctium the integrated absorption does not vary much with the car- 
bonyl type. In this region it can bo used only to detennioo the number of 
carbonyl groups m the molecule [1], Larger variations in intensity are found 
in ei,^-unsatuialed carbonyl compounds. 

ihe C-sO giuup has an influence on vibrations of adjacent bonds giving 
rue to characteristic .ibsorpLinns of C -11 and C L bonds. Mutual influences 
between the rarbuiiyl and other functional groups will be ducu sed in sub- 
sequent seetions. 


A ALDLIIYDIS 


The carbonyl group in aldehydes is attached to a hydrogen atom and an 
organic group R (iSS) 


;c-.o ;( 

v/ tr 




(IIA () 


/ - '• 
w 

OU I) 


Ihe gioup — CU 0 can be itUnlificd in the mli irul boU\ by tin C -0 
Stull hmg mIm ilinn and tin <lnr.utciislu C— 11 vibiatioii 

111 llu fust minilnr ot the aliphatic seius, foimuldchnde, the c xrboiiyl 
group IS nttacluil to tvio hydiugi n atoms. Ihc si\ noinial Mbr.itioii modes of 
the planar molecule (.II^O (Ci, symmetiy) oie all aitivi both in Raman and 
the infraied [2] (T.iLle 11—131) 


iaMe. II lit randameiital lrfqurarlr» in lI,r»o nnd D / ^0 (gas) [ 2 ] 


V variium. 

im''‘ 

^.c" 0 

^sslgnmenl 
ifid band typo 

SjiLcleb 

Vlbrailun 

llgC-O 

lift? j 




iiii 

l^M) 

'lOO 

Vt 1 


8 Cil 


110'S 7 

V, a 


H 

171 1 6 * 

170(1 

\ tl Vi 

A. 

vC 0 

2780 

2 crj s 

V, ) dt 

^1 

VI 4 II ym 

2874 

2 r)‘) 7 

-V| ‘ 


vCH isy»i 


* Acrording to other snun rs 1 7 )0 r m * [2] oi 1 / if rm~' ( 1 1 1 hi strnng band orrurrlng 
111 the spcctiuni ot fnnii ildrhydc it 2071 iiu ^ >iid In iluiUinfi mi ildihydi at 2208 cm ^ 
correspemd!! to the 2 Vj oscrtuni couplul li\ I tnii nsdiiuui mill tin v, vihTatidii 

In speclia of liighi I me mini*' Ihc position nil mice its of Ihi C - 0 band 
are inflneneed bs the hydrnc iibnn r.idii il 11 

The iiifluenee of the f - 0 gioup on adj uc iil J'oiids u iiMs i" sliiTls of the 
CIl vibration in tuwaid Iosmi fuqiumu's, 
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1, Saturated Ali]diatie Aldehydes 

a. vC««0 Vibration. Substitution of a hydrogen atom in formaldehyde 
by an alkyl group results in a decrease of the C =:0 frequency. In the vapor 
phase acetaldehyde absorbs at 1745 cm~^. In carbon tetrachloride solution, 
the frequenry falls to 1730 cm**^ and in acetonitrile (polar solvent) to 1723 cm"^ 
[4, 5]. In carbon tctrarhloride solution, l)ands of the higher members of the 
series lie in the range 1720—1740 enr^ [G]. Tiengthcning of the alkyl chain 
does not alter the frequency of Ihe carbonyl group; for example, propionir 
aldehyde lias the same vC=0 frequenry (173G enr^) as heplaual [4], This 
shows that ihe mass effect associated uiih increase in chain length is negli- 
gible. The slight decrease in frequency on siibslitutionof Ihe hydrogen atom 
in CH |=0 witli an alkyl group is mostly due to the electron-don atiiig 1 1 
effect of ihe alkyl group, favoring structure (336h), 

A smaller effect was observed with higher alkyl groups cf. the methyl 
group. This results in a slight increase in frequency in higher members ol 
the series (ca. 5 rm“^). 

b. C— H Vibration. The frequency of the C-- 1 I stretching vibration in 
the aldehyde group differs from that of CII 3 , C1I|, and CH groiqis in hydm- 
carbons. The theory predicts a decrease in frequency to 2700—2900 enr' 
[7]. Many aldehydes show two bands in this region, at 2720 enr’ and 2820 enr' 
[ 8 |. No definite assignments for these bands exist at the present time. One 
of them is considered to be n eombinatioii band or an overtone. At any rale, 
the presence of an absorption at 2720 rm~^ along with the position of the 
vC— 0 band are spectroscopic proofs fur the existence of an aldehyde group 
in the molecule [9, 10], The two absorptions also occur in unsalurated alde- 
hydes (Fig. 11-83). 



Fig. 11-83 InTrnied spretrum of S-cjrlohexciiylacclaldchyik*. 

2. Unsaturated Aldehydes 

u, a,p-Un 8 aturaled aldehydes with one double bond. The presence 
of an isolated double bond remote from the rnrbonyl groun ''oes not niter the 
vC=() frequency. 
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lA a,^-unuturated aldehydes, thr favored straotare is (SiT) in vhteli 
both the CsC and GsO bond orders arc reduced. The weak — / effect of 
the CuG double bond is overshadowed by the ronjugative effect which in 
this case acts in the same direction as the ~ I effect of the GHO group, 
The force constant is lowered. Hence, the frequency of the t\so bouds falls {11 ). 





H 


(tv) 


1. vGO Shelrhiny vibration. lu a.^-unsalurated aldehydes, the car* 
honvl frequency lies in the range 1685—1705 cnr^. The mean value is 165)5 
|6]. Within these limits, the frequency is higher in compounds with a ter- 
luinul double bond. vC— C and vG—O Ireqiiencics and band intensities of 
some ft, p-iinsaturalcd aldeh}dcs arc shown iii Table 11-132. 


Tuble II-JSJ vCaO and vG — t IrFqneuein in a.^iinmlurulel aldBhydw 112] 


Aldchydr 

vC-0 

cm"^ 

fwdX 

iiu*/inolD 

Av/2 

cin‘^ 

vr^c 

111! 



Ml, C,Il-CII-0 

i7ua 

7.25 

lA) 

162U 

o.m 

19.0 

MI, C- Cll-0 

1 

1702 

5 70 

.1 1) 

163S 

0.6 

— 

CH, 

CH,-CH=i CIl-ClI-0 

1700 

8.4U 

5 0 

1014 

1 37 

7.0 

GII,CII,-CII=>-C-GH- 0 

1 

1093 

7.90 

7 0 

1045 

1.70 

16.0 

GH| 

GH,-r, CU-CH>-0 

1 

mh 

7.00 

e.o 

1638 

1621 

1.43 

10.5 

10.0 


cn, 


Airnlcin absorbs at 1723 rm“^ in the sapor phase [IJ and at 170.3 cm”^ 
III Iclrachloioethylcne [121. ®>ihyl group at the C— G douhle bond slightly 
low CIS the frequency: foi example, p-mcthyltrotoiuc aldehyde absorbs 
at 1686 cm”'. 

The mean salue of the vCO band iiilciisils, 7.8 rm®/niolc, is higher Ihnii 
111 saturated ketones (mean saluc 5.1 im’/molc) |12|. 

2. vG=G Sirekhinq Vibration. In i7,p-un.saturated aldclivdes with a 
terminal double bond (see Table II-1.32), the vC^ G frequency falls, having 
a mean value of 1625 cm”', 'flie band' arc lehitively weak (mean value 
0.75 cm^/mole) cf. aldehydes with an internal conjugated double bond 
(2.0 cm^/mole). 

On comparing the characteristics of vC -U and vC— G bands, it has been 
obsersed that whereas the intensity of the vG=-0 absorption varies by no 
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more tbon a factor of 2, tht* vC^C band intensity varies within much larger 
limits. This is because of the possibility of much lai^ce dipole moment varia- 
tions in the nonpolar C=C bond than in the highly polar C^O bond fI2J. 
b. Conjugated polyenic aldehydes. 

1. vC— 0 sireichinff aibration. In a, p-uusaturated aldehydes with two 
conjugated double bonds, the presence of the second double bond results in a 
decrease in frequency of vC=0 of ca- 10 cm"*. For instance, crotonic aldehyde 
absorbs at 1685 cm"* in chloroform solution and at 1715 cm"* in the vapor 
phase. Under, the same conditions, 2,4-hexadienal absorbs at 1G77 and 
1705 cm"*, respectively 113]. A number of polyenic aldehydes CH 3 (CU=. 
C1I)|}CH0 where n»2 ... 7 (Table 11-133) absorb in the range 1064 — 1677 cm"*. 


Ta3ie If- 133 auwaeiwiMtle trequencieb Id |■olJrDnle aldehydes 



vC- 

O cm * 

vC 

C cm 

AUIcli} de 

Vapor 

SciUitinn 

Vapor 

Solution 


III ClfCl. 

in ClICl. 

r.H,-CH-CII-CHO 

1713 

1685 

1550 

1638 

CIT),-CtiO 

1705 

lfi77 

1650 

1512 

CH,-(CII-- Cll), -Clio 


1074 


1015 

CHa-(CH*- CH)4-CH0 


1673 


1592 

CIJ), - CHO 


]fiC4 


1570 





1015 

CH,- (CII--CH),-CHO 


1671 


1501 




1015 

CH,-(CII=^ r,H),-CHO 


1674* 


1516 

lOJl 

II li 

Cl I« GH ~ CHO 

n“ 1. 

(CH-= CH),-CHO 


1677 


1028 


1677 


1615 

II II 

Clio 




1608 


1671 


1558 


lees'* 


1608 

1549* 

1614* 




* Liquid film. 


This shows that IcngUiening of the polyenic rhniii does not iiifhieiue the 
frequency of the carbonyl group. The same effeet was observed in a-furyl- 
aldehydes [131 with long polyenic chains (Table 11-133). 3-rurylacro1pin 
absorbs at 1077 cm"* (in chloroform). In compouiirls containing up to six 
conjugated double bonds between the CHO group and the furaii niig. 
the vCO frequency is 1668 — 1677 em"’. (A decrease in frequency of ca. 10 cm"* 



CAHSONU COMPOUNDS 


w 

i» ^nerved la spectra recorded in litpiid fihna). In octatrlene dialdelryde {$98), 
the vCO freipiency is 1680 [U], 

OHC 

\/\/\/\ 

Clio 

(-«) 

2. vC~C Streithing vibration. In addition to the vC=0 band of relatively 
constant frequency, polyenic aliphatic aldehydes show a band in the 1600 cm"^ 
region assigned to the C—C double bond vibration. Its frequency decreases 
with increasing the number of double bonds in the molecule. However, the 
double bond inrrement decreases with ch.un lengthening so that in long chains 
tlie vC— C frequencies are approximately equal. 

Crotonic aldehyde ab.sorb.s in llie vapoi phase at 1650 cnt~'^ and in solu- 
tion (CIICl,) at 16.18 rm-i. In polyenic aldehydes R(CH -Cn)«CHO with 
n=2, 3. ... 7, the vC -C frequency gradually falls from 1638 to 1561 ciu"^. In 
liquid film.s the frequency is slightly lower |13J. 

c. otip-nnaalaraled aldehydes with a triple bond. When the carbonyl 
group is conjugated with a triple Iiond between the a* and p-euibmis, the vCasO 
fiequeney decreases by about the .same amount as in aromatic aldehydes. 
Propargyl aldehyde CII_"-C— CIIO absorbs at 161)2 em'^. On deuteration of 
the aldehyde CH bond, the frequency bills by 20 tin~^ berause of the mass 
effect of deuterium. The characteristic frequencies of propargyl aldehyde and 
some deuterated derivatives are shown in Table 11-134. 


Table 11-134 UhaTaeterlitU tnunnulM (cm'^) In 
fropuijl nllaiiirUn 


nc c-cHo 

lie erno 

DC CGllO 

Ai^lgnmcnti 

sas-i 

3JU0 

2620 

V <C-II 

2869 


2S80 

vC-H aid. 

- 

2m 

- 

vC— D aid. 

2123 

2110 

1990 

vc=:c 

1692 

1670 

1682 

vC-0 

1398 

1076 

1379 

deform. IlCO 

950 

871 

923 

vC-C 

601 

081 

H42 

defoiin. CIlI^C 


3. Aromatic Aldehydes 

vC - 0 frequencies iii aromatic aldehydes Aryl-CHO are lower than in 
acetaldehyde due to ronjugatinu of the carbonyl group with the aromatic ring. 
The mean value in the liquid phase is 1705 cm~^ and on the vapor phase, 
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1722 cnr^ [4]. Preqaencies of some representative cpmponnds (in CCI|) am 
sbown below 


C,H|CHO 

aio 



<->-C 


1705 cn-^ (4] 
1700 ein-i [16] 


1702 cm-i [17] 


1698 cni-i [17] 

1687 cm-i (mijol) [17] 


The carbonyl frequoiicy is influenced by the number and position of sub- 
stitaents in the aromatic ring, the same way ns in ketones (see below). 


B. KETONES 

1. Saturated Aliphatic Ketones 

a. vG^O vibration. In the vapor phase, saturated dialkylketones R— 
~CO— R has'e a strong absorption at 1738—1742 cm~* [18]. In the liquid 
state or in solution (in nonpolar solvents such as carbon trtrnchlondr or carbon 
disulphide), the frequency decreases by 20—25 rni~^ In the dialkyl ketones 
series, the mean vC— 0 Ireqiiciicy is 1719 em"^ [18-23]. In a large number 
of itraight'Chain aliphatic ketones R -CO— IV, where R=-CI1, and R'=nieth}i, 
ethyl, amyl, the absorption is roiistaiit in solution, occurring at 1710 -1720 
ciir* [18,22]. The decrease in frc([iiency is very small on chain lengLheiiiiig 
(e. g., in diaiiiylkelone vCO-=-17ir) cin“^). 

In dialkylketones branched iii the x-positioii, the decrease in vCU 
frequency is sery small (ca. 2 'I cnrM, cf. the straight chain isomer [22]. 
IMethylisopropyi ketone Cn,CU-CH (Cli,)| absorbs at 1719 en^^ whereas 
metliyl-n-propyl ketone absorbs at 1720 cm~'. In diisopropyl ketone, 
(CH|) 2 CH— CO— CH(CH,)„ the vCO frequency is 3 cm“* lower than m di-/i-pro- 
pyl ketone (1716 cm"*). The effect is somewhat stronger in piiiacoiie CH,— CO— 
C(CH ,)3 which absorbs at 1711 cm"*. ])i-/er/-butylketoiic (CH|)yC — CO- 
CICH,), has the lowest frequency in this series (1687 cm"*). This was explai- 
ned by the change in force constant, due to stcric compression exerted by the 
f- butyl group on the >C=0 angle. Tliis compression also affects other physical 
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■nd, ohemical properties. Branching at a more remote position does not niter the 
vCO vihration: for example, a number of ketones, 

c 

G-CO-C-C, 

I 

c 

have a normal absorption, at 1720 cm*'^ [22]. 

Table 11-135 '^hon's characteristic frequencies and carbonyl intensities of 
some saturated alkyl ketones (in tetrarhloroethylene) [23]. 

Unconjugatcd aromatic ke- 
tones with the CO group in the 
side-chain and separated from 
the aromatic ring by at least 
one CH| group have es.sentially 
the same frequencies as satu- 
rated dialkylketones. Benzyl- 
methyl ketone C^Hj Cllg— 

CO— Cllj absorbs at 1717 ciir* 
and C,H,(CH,),COCn„ at 
1723 cm-i [23]. 

These values correspond to spectra reconled in nonpolar solvents. In the 
liquid state, solid state, or vapor phase, changes iii frequency are relatively 
large. When no hydrogen hondiug with solvent lakes place, shifts do not exceed 
25 cnr*. vCO frequencies of a number of saturuted dialkylketones in the vapor 
phase and in nonpolar solvents arc compiled in Table 11-136. The frequency 
is practically the same in nonpolar solvents ((XI 4 , CSg) as in the liquid state. 
A larger difference is observed between tbe vapor phase and the liquid state. 


TaSlc II-J3I vCO IrefBtDrUs ol Mina kalonas In 
\n|Mr ahnia, llauiU lUie, or aolullon 


Ketone 


CO (cm"‘) 


Vapor [281 

Liquid 

l«l 

Solution In 

ecu [22] 

Acetone 

1742 

1718 

1719 

Methy lethy Ikel one 

1742 

1721 

1720 

Dlethylkeione 

173B 

172U 

1717 

Methyl-n-propylkeiune 

1737 

1720 

1720 

nibntylketone 

173.3 

1718 

1710 

Dodecylketone 

1740 

1724 

1717 


Tailf IJ-J3S vGO traancMlfn inl 
Imna iDleniltlM In dlnlbfUnionM 


Ketone 

vCO, cnr‘ 

At CD "/mole 

CHjGOCll. 

1718 

6.45 

CH,GOC^l| 

1722 

5.24 

C,H|COC,H| 

1721 

5.25 

CH,COCU(CU,), 

1719 

5.09 

CHjCOC(CIl,), 

1711 

5.75 

(CIl,),CCOC(CIl4), 

1687 

4.75 


The low frequenry shift observed in the liquid state is attributed to associa- 
tion between ketone molecules. 

8+ 8- J- 
C»0...C-0 ... 
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The polar charaeter of the CO group enablea the oceurrenee of veah elec* 
trostatic bonds between the more positive carbon of one carbonyl group and 
the negatively polarized oxygen of another. Consequently, the contribution 
of structure (340) is increased. The C— O bond order is lowered. Hence the 
vCO frequency decreases [24, 25]. 


^ P « 

O: RgC— 0;*“ 

i3S9)' {340} 

A change in state from U<iuid to solid results not only in frequency shifts 
but also in appearance and disappearance of bands. Shifts due to the crystalline 
state are generally small and connected vrith intermolecular lattice forces. 

Additional bands occurring in the crystalline state depend on the nature 
of the elementary cell. From this point of view the degree of dispersion (in 
mull or in nujol) is overimporiant. 

The disappearance of hands is connected with the disappearance of some 
molecular forms having a different symmetry than that in the crystal. Spectra 
of ketones in tlic lUfuid state or in solution show bands occurring from all 
the conformational isomers present. In the crystalline stale supposed to have 
a single conformation, bands arising from unstable conformations disappear. 
Temperature dependence studies of spectra in solution have shown the exis- 
tence of conformational isomers in diethylketoiie anil a number ol other ke- 
tones [26]. 

b. G-U Vibration. The carbonyl group affects the vibrations of CH 
groups in the a-position. The - / or lield effects of the C— O grou[) result 
in characteristic changes both in CUi irequency and band intensity. 

CH stretching vibrations in Clla and CH 3 groups, activated by the neigh- 
boring carbonyl group, rise by ca. 25 cm“^ 111 the case of the asymmetric 
mode and by ca. 40 cm“^ in the case of the symmetric mode [27J. 

Figure 11-84 shows the spectrum ol mcthylethylketone in the vCH and 
8 CH region. High-frequency shifts of the vCH bands can be observed. 



Fig. 11-81 Infrared &pcetruin of methylPthylkrtonr 

Much more characteristic, however, are shifts of bands arising from defor- 
mation modes. They enable the differentiation of these groups from other CH 2 
QT CHa groups in the molecule. The frequency of the ^CH^ scissoring vibration 
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fall! frobi 1468 cm*^ (CHg in alkanes) to 1400—1430 cm**^ and the symnetrie 
CHs deformation vibration falls from 1370-1380 cm"^ (GH| in alkanes) to 
1365—1360 cm”^; for example, in methylethylketone the active methylene 
group (— CIlj-CO— ) shows the scissoring vibration at 1414 cm“S whereas 
the GH} group absorbs at 1461 and 1360 cni'^. These assignments are supported 
by deutcration. In GHgCDiGOCDgCHi the CHg band at 1414 disappears; 
in CD|CH|C 0 GH|CD 3 the CHg bands at 1461 and 1379 cm"^ disappear [28]. 
These shifts are of value in determining the degree of branching and the posi* 
tion of the CI1| group. 


2. Unsatorated ketones 
a. vC— 0 vibration. 

1. IJnsiiturated kf tones with isolated double bonds. In unsaturated keto- 
nes with an isolated double bond, (he C^O and C— C fregueneies are the 
same ns in the corresponding monofunetinnal compounds. The mean vCO 
Irc({ucnry (in solution) is 1719 rm~^ and the mean intensity is 5.40 cm*/mole 
[231 (Table 11-137). Some interactions are, however, possible when the Cs>0 
group is close in space to a double bond. 

Jable lUJil vnO and vC-CIrcqiienelM and inlemtlUei In unwtnnifiketvnM Willi 

loolafed dvuUe bonds* [2.1] 

vCi>0 «C-C 

Foimiiln Preqacncyp Frequency 

_ -X -^1 cmVmolB i At coiVnole 

cm cm 


CHjCOCII.-GH-Cna 

(ji,coai,-c(cn,)»ciia 

CHgCOCHa-CU-C^CIIa 


(:h, 

ClI,COCH,C«CH-CH, 

CII, 

CHjCOCHa- C1I« C(CH3)g 


i72:i 

jj.24 

171b 

5 09 

1719 

5 29 


1716 

5 4b 

1718 

6.25 

1724 



1639 

0.9 

1651 

1.17 

1645 

1.00 


1670 

0 11 

1683 

0.25 


* In tetrachloraethylene. 

2. a, 3-[7n5ofura/ed Kelone.t. Conjugation of the earbonyl group with 


o 

c^c— C U 


(MJ> 

a double bond (341) results in a decrease in vCO frequency by ra.40cm~\ 
cf. .saturated ketones. Frequencies lie within the range 1665—1695 cm"^ 
[29-31]. 

Systematic studies of unsaturated ketones with various structures enabled 
some correlations between the frequency of the CO and C=G groups and the 
structure or conformation of the gt, p-unsalurated ketone [23, 32]. 
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Theoretically aliphatic a, |}«uiisaturated ketones can exist in two planar 
conformations interconvertible by a 180* rotation about the C— C single bond 
linking the double bond to the carbonyl group. 


v\ 

11 

r. 

/ \ 

n, R, 

(f-ffaiu) 

(i«) 


R 

I 

R, C 

V' 


(3M) 


III the* s-lrans coiifurmalion (342) the t^o double bonds are parallil lo 
each other and in the 5-cis roiiformatioii (343) they form an angle of SO*" 

In iinsaturated ketones Mherc R3 is hydrogen, both conformations are 
equally stable. When - alkvl, the s-irans ronfnrmation is stericalK hindt u d 
bv thi interference of groups R and R3. In this case the molecule adopts llu 
5-rEs conformation [2t which is preferied over a qua^i-trans (onformatinii 
|34] In the latter case unl> a slight displacement of the two gioiips takes jil.ue 
The two Lonformations diffei 111 frequent v and band intemsiU ol the vCO and 
vibiatioiis |2.1, t2 15. dh]. Assignments were made hs iisin£( sonic modi Is 
with firinl> estahlislud tonfnrmations based on elelmnl^T^ stiruulumiiil 
arguments |21] 


Confomutlon 


vto 1111“^ 


Tntnult), ini mole 


t-traiu (34^) IbSO n 0 

c-ci« (343) 1692 4 ^ 


Cyclic or, p-nn saturated ketones with sLrain-frre rings liavi iiiidoulitedly an 
s-irans conformation. The mean vCO frequency is 1680 cm”^ and the iiitensits 
of the absorption is 0 cm*/mole. 

b'requenties arising fiom the six-membered ring are verj close lo thosi 
of acyclic compounds and tan be used as standards. Some salues are toinpiled 
in Table IM38. 

CmIic (/, p-niisaturated ketones with an evoiscln double bond (see Table 
(11-130) ha\e a firmly established wii contormation , The mean vCO ircquency 
is slightl> higher (lb02 cm~^) and the intensity appreciably smaller (t.5 
cm •/mole). 

In both cases, compounds with nlks l-substituted double bonds have lowei 
vC— O and vC—C frequencies. 

In a large number of a, ^-un&aturated ketones, vC— O frequencies fall 
within this range. In a number of sterically unhindered ketones R-^CO— CH= 
CH3 or R— CO-'CH»Cll— R with a trans double bond, where H»methyl, 
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Pthyl, n-propyl, or iwipropyl (36-381, the vC-«0 absorption in solution shows 
a doublet due to an cquilibriun between the s^rans and wiV confonnations 
(Table 1M40). 

Tabit /t-J»S vGO eaS vG«C Inaiiemki utS tateultlei In hciMw with 
a-tram etiilmMtioo 




Kelone 

Krcfiucucy, 

m"' 

A, 

cm Vinolo 

Frtquencyt 

em"^ 

A, 

nn*/mnle 

< >■" 


8 m 

1(|21 

U 03 

II.C^ 

10S(J 

0.45 

ions 

1 5.3 

1I,C (Jlj 

]b7S 

8 5 

mr> 

1.87 


In the crystalline statcj the spectrum shows a sin|{Ie absorption of the 
s-irans form. In solutioni on increasing the temperature, bands arising from 
I he s-rfs form start appearing until equilibrium is reached. 


Tabfi Z/-1 JP vCO and vC*C freqneoplea and IntuisltlN In ketonaa with 
s-cit aonlannatlon 

_ ^■C 

Kptone Frpqiieiiry A, i'rrqiibiicy. Ap 

I III"' cin^/niole cm""' tmVniole 


O 

I I 1 (|<U 4 40 lli 22 4,08 

t,ll (.11, 


0 


/V 

Iv^ 

'cii(cn,j,(:n, 


Ili>u < ')1 1020 4.01 


o 


/V' 

C(CU,). 


II.K') 1.08 11)11 3.51 


Spectra of (ran8-3-pentenone-2 recnrded in a mixture of tetracliluroethylcne- 
cbluroform between —10* and j 30“C are shown in Fig. 11-85. At --100"C 
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only bands assigned to the pure s-trans conformation {344) occur at 1674 cm”^ 
(vCO) and 1645 cm“i (vC=C), 


II C 

\ / \ 

C OH, 

II 

0 

CU,'^ ^11 
(•»«) 


CH, 

I 


H C 

V’ 

R 

C 

/ \ 
on, H 

(S4S) 


At higher Irinperalures, l)aiids arifiing iroin the S'Cts lurni occur ai 
1663 enr* and 1630 cnr’. The baml intensity of the ^fram conformation 


Tabu 1 1-140 vOi-OaiidvO>Ofrri|urnelFsandlDlrni|tlMlnitrrlnlly 
nahlndered a, p^maluratrd kelsiiw (s-lraiu and mliliirFR) [23J 



0 

1 1 

1 

1 

1 


Ketnne 

Frequency 

Fnquniry 


.1 At rniVnioIn 

rni 

A. cm'/mDle 


Oil, -CO- Oil c;ii^ 

1700 

UjKIi 

1 O'l 

lOlK 

0 00 

OH, CO- O-OIJ, 

10M 

li 'ill 

10.10 

II IhS 

(:ii, 





CHa -CIIa-LO-CJl-ljr, 

1707 

moo 

1 HI) 

1010 

J 21 

11 





I 

CHa -CO-C *C-Cria 

1701 

0 .)0 

i6:m 

1 01 


1682 




H 





1 

CHa-CO-C^C-ClUCIlalj 

1702 

0 08 

1620 

2.57 

11 

168:1 




11 





1 

CHa -CO-C r-CHa 

1 075 

(i 06 

1G>12 

1 :n 


is higher at — 75°C than al | SO’C. Al room temperature both sets of bands 
are present: vCO nt 1693 and 1674 cm~^ and vC^C at 1645 and 1630 cm~^ [32]. 

Sterically hindered oc, 5-unsuturated ketones with a risalkenic double bond 
(interrerenre of groups R and R, in structure (342)) adopt an s-cis couformation 
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(34S). The spectrum shows a single vC«:0 Absorption at a mean frequency of 
1692 em'^ (the same as in cyclic ketones in Table IM39). Band intensities 
are low (ca. 4.5 cm’/mole) (Table 11-141). 

b. vC=»C vibration. Ilic vC*«C frequ- 
ency in a, ^unsatura led carbonyl compounds 
is lower than in noneonjugated compounds 
(Table 11-142). Band intensities .show large 
variations with structure [23, 39]. 

The highest frequency occurs in unsatu- 
rated noneonjugated ketones with an inter- 
nal double bond (1G75 em~^).Baud intensity 
is, in turn, tlie lowest (0.2 cm’/mole) because 
of the relatively symmetrical .substitution ol 
the double bond. When the double bond is 
terminal, the vG^t.llg frequency decreases 
(1015 fiu”^) and the intensity rises (1.0 
im*/innle: Table 11-137). 

Intensity vanalious ol the vC -C hand 
in a,^-un.saturated ketones are large (0.7 
Grm'/inole). If the conjugated double bond 
IS terminal, a rise in frequency is observed 
(1025 cm"'), whereas the intensity remains 
small (0.75 em’'/molc). Tii comiiounds with an 
internal double bonil, the type of substitu- 
tion at this bond has a considerable influenee on the vC— C frequency. In 
ketones with u frans-disubstituted donbie bond the frrqueiuy is close to that 
in noneonjugated compounds with a terminal donbie liond (ea. 1635 cm"'). 



/sso 


FiK Il-a5 Infrared spectrum of trant- 
.'t-peiiUnone ? in a mixture of telra- 
chloroelliy 1( nc • rhloroforro . Sol id 

liiM- at +.<U dotted llneat-TST.. 
Stars show hands becoming Weaker 
as the temperature Is raised. 


7a/iff H I4l vC«0 and fregnoneiea In alerleallp hindered kelonei (s-cis ronfarmalioB) 


Krlonr 


cifj_r,o— r f nil, 

11 1^1 

i.i{, -1.(1 (, r. (i.ii.)^ii, 

II u 

f.llj- CO-(.H 

f.ii, CO (, c- nil, 

I I 

II, r. ji 

(Jis-co-i, n ui, 

I I 

iiji: ciij 


vTa-rO 


Firqupncy 

cm”* 

At cm*Iniole 


3.01 


1 M'l 

M)^ll 

\M 


4 Vi 

t 

I OS 


vG^C 


rrequency 

cm”* 

A, emVniole 

Ida 

2.30 

IMI) 

2 87 

IUT2 

U 28 

l(i2b 

J.7(J 

U]22 

2 m 
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Tabtr 11*142 VC«G frniMMlN iB WIIKMMlai IntMM 


Ketolu 

Frequency 

A 

em*/tato1a 

OaplumMm 

UnBot\}u§akd 
— Internal double bond 
tertnlnal double bond 

Cor^ugaM^ Mtenvullii anhtmlfred 

1675 

1645 

0.2 

J.O 


C If 

\ 

(C>-G terminal) C 

/ \ 

C-CU li 

1625 

0.75 

8-ets 

s-trans 

H C 

\ / 

C— C (rofu Blknilr C->C 

/ \ 

C- CO Ji 

iH3:» 

2.0 

x-traiu 

H U 

\ / 

1 ‘udocyclic C= C ^ 

1C35 

1 87 

T-lrans 

ContugaM, tieriralli/ himlfinl 




H H 

\ / 

C° C cii alkenir C C 

/ \ 

C- CO c 

162(1 

2-1) 

s-cii 

0 

/y' 

(C- C rfa-rinn!) 1 

/ 

< 

mw 

i 

i (is 


In contrast to the C=0 bond, the C— C bond does not show differences bet- 
ween cyclic compounds with s-lrani eonfigurdtion and sterically unhindered 
compounds (Tables 11-138 and II-HO). The intensity rises to ca. 2.0 cm*/mole. 
In sterically hindered ketones with s-cis cunformatiun, the vG=C frequency 
is lower than in compounds with s-lrans conformation. However, the intensity 
varies within large limits 2-0 cm’/mole). On the average it is 3.54 cm*/mo]e 
higherthan in compounds with .v-frtins conformation. An exception is cyclohexa- 
none (a-irans, cyclic) with the vC=C frequency =31621 cm~^ and an extremely 
low intensity (0.03 cm ’/mole) [23]. 

The Av value between vC=3 0 and vC=C frequencies is indicative of the 
nature of the conjugated system. In sterically hindered compounds or in com- 
pounds with s-eis conformation, Av>60 cm~^ whereas in conjugated, sterically 
unhindered ketones or ketones with s-irans ronformation, Av<60 cm"’ [23]. 
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3 . Antinuilie fc»toiiM 


a. Arylalkyl ketones and diaryl ketones. In general the vCO frequency 
ill aryl ketones is loafer than in alkyl ketones, reaching a minimum value 
16.39 em"^ in /Hdimethylaminobenzopheiione. In diaryl ketones the carbonyl 
frequency depends on the nature of the aromatic rings and their substituents. 
In arylalkylketones the structure of the alkyl group has an additional influence. 
In compounds with formula {34S), the vGO frequency deeroascs in the 
following order: 


'0 = 0 
(M«) 


K = alkyl 

alkenyl, C^C— It 
cyelopnpyl 
cycloalkyl vi(h riiigt 
larger than 4 
phenyl 


1601 cm-i 
IBBO eoi->, 
1677 cm S 
1666 rm-^ 

1664 cm~*. 


b. ArylaUiyl ketones Ar— CO— tt. The mean vCO frequency in a number 
of pheuylalkyl and xylylalkyl ketones is 1690 cm~t (in CCI 4 ) [22]. Chain 
lengthening from to C | does not affect the C — 0 vibration (Table n > 143 ). 
A small decrease in Ire- 

Tahir ll-ltS v(.0 fresnonolee lu arjrlelkyl keloiief 


queney is observed in the nn]ili> 
thalcnc [40] and pheuanthrenc 
1 1 1 1 series cf . the benzene se- 
ries. Since the vC =0 vibration 
depends primarily on the de- 
gree of conjugation of the car- 
bonyl group with the aromatic 
ring, it is believed that in 
diarylketones and in arylal- 
kylketones (347) dipolar strm- 
tures (34X)wilh alowercarbo- 
noxygen bond order have a 
larger contribution than in 
dialkylketnnes [ 10 ]. 


Kptnnr 


vCOdn CCI,) 


(J|11,-CU-CII, 1691 

r.,H,-CO-CII, -CU, 1692 

C,li;,-(Cri,),-CII, (n 4...9; 1690 

p-cii,-C(ii, r.o-ciL 1601 

p ni, -c,!!,- Cn-GIl, Cll, 1689 

p-r.H,-fi,lI, -1:0 (Cll, u -Cll, (II a.. .9) 1690 

a-iiaplithvl-CO-ClI, ‘ 168S* 

[1-iu]ihllnl CO -CII, 1685 

9-pliciian I lin K. 0 - CH, 1685* • 


* Reference 10 
** Itrferrncc 41. 
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Studies of substituent effects in acetophenones substituted in the oriho, 
mela, and jmra positions with groups differing in J and li effects have shown 
that the vCO frequency is determined both by the inductive and conjugative 
effect, whereas the intensity of the absorption depends mainly on the conjuga- 
tive effect £ [ 12 |. 
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In paro-substitutcd acrtophrnuneii (Table 11-144), Ihe highest frequency 
occurs in the iiitro compound (vCO«=1700 cm”*) and the lowest, in the amino 
derivative (lft77 cm*^). Haiogon atoms and the CH, group cause small shifts 
(2—4 cm”^) cf. acetophenone. 

The direction and extent of frequency shifts are in agreement with the 
effect of substituents on electron distribution in the C=-0 group. The Cllg 
group, with a predominontly +I effect acts in the same direction as the low 
—I and —E effects of tlie carbonyl group. A small decrease in frequency is 
observed. In the electron-donating Nllg group, the strong -| E effect oversha- 
dows its weak — / effect. Structure (349) with an appreciably lower 0 
bond Older i.s favored. Halogens, with a stning —/effect and a weak -[-E effect 
do not seem to influence the vCO frequenev. In thi.s case, the - 1 and -| E 
effect of halogen atoms compensate the — / and ~-E effect of the carbonyl 
group. The rclaliuiiship hrtweoii bond order and cleclrnnic effects of It group.s 
can be pointed out by rolaliiig the vCO frequency to the HummeiUtr consiont 
of substituents [43] (Table 11-144). The frequency Jails for large negative <r 
values (—0,600) and rises for positive a values (-f-0.778). The relationshi]) 
is linear. 

ii,C &“ 

\/" 

R 

I 


^NH, 

(iW) 

Tile exisleiice of a relationship helween the vCO freipioiicy and the reso- 
nanre energy has been shown [44, 45]. 

Tablrll-Jti vCaiOtrrqvenrlM nnd InlenilllFM in fiulwlilulril Breto|thi>iioiii«i 1 12] 

InlrnsUv 
of Inlcgru- 

v('iC), ciii"^ led abMjri*' 'nux ir.iiiiiiioM-n 

tion 

l.iijole’"* 


X=NHj 

1G77 

2.38 

597 

O.GGO 

OCHj 

1G84 

— 

— 

- 0.2(>8 

CII, 

1687 

2.4 i 

685 

-0.170 

ir 

1691 

2.20 

650 

J 0.000 

1*' 

1692 

2.17 

65h 

i 0.()f)2 

CJ 

1G92 

2 25 

riS7 

•fO.227 

Br 

1603 

2.24 

(1,19 

-fO.232 

I 

1693 

2.39 

709 

+0.276 

NO, 

1700 

1.90 

G21 

1 0.778 


III ;ne/(i-5ubstituted acetophenones, variations in fre(|uency are assigned 
primarily to the inductive effect. Band intensities are lower. A relationship 
between the frequency and the Hammett-a constant has also been observed [42], 


f,II, 



CARBONYI. COMPOimOS 


In addition to inductive +/ and conjugative +E effecti in oiiAO'Sttbstl^ 
tutedJacotopbenoneB^ sU'rie and field effects are also involved. The molecule 
can exist in i-trans form (3S0) and in s*cis-form (3S/). 



E-trans $~ci8 

(3S0) (JSI) 

o-Methyl and 2, .1. 5, li-tetramethylacetuphenone hci\e .t single absorption, 
nt 1690 enr^ uud 1701 iiu~^, respectively. It is assumed tluit lu the tetramethyl 
derivative the COCllg group is nut coplannr with the ring hcdiiise of repulsion 
between the acetyl group and the oif/to-methyl groups (l2|. v(,0 frequencies 
and absorption intensities in alkylai ctophennnes [23] are shoi^ n in Table 11-145. 


Table II-US v|]U IruuenBlwi and »hsor|ill>n imeniiltlM tu ulkylawlpphMMuiw [2.11 


Lomjiound 

vCO rm ^ 

blienaJtv 

cm^/mole 


ir»93 

6.01 

IIjC-^^CO— CH, 

im 

OGh 

U)-UI, 

tbhi 

7.13 

v-co uii 

im 

0 80 

1 

1 

1 

1 

y 1 

1 

1 



In Ccirbou tetrachloride solution. 

o-chloro-, o-broino- and o-nitroacetopbo- 


nones show t^o liands as a result of an assumed equilibrium between s-ru 
iuids-frn/is (3J0) structuies [12]. The higher frequency bund of the doublet was 
assigned hi the cn isomer and lower one to the iram isomer. At lower tempera- 
tures the liigher frequeiu v band beeomes stronger; runsrquently, the absorption 
rnnesponds to the thcrmodynamkally more stable isomer (wis). 



t35g) 
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INFRARED SPECTRA OF ORGANIC COMPOUNDS 


The kpectnun of o>fluoroecetophenouc shows a stugle band at 1692 cm'** 
corresponding to the lower frequency isomer (»<irafu) in o-chloro< and o-bro- 
moacetophenones. Shifts in this frequency show that on increasing the size 
of the halogen atom, the S’Cfs conformation becomes predominant. This was 
assigned to an orfAo-effect. 

In o-amino.'icetophenone(df2), the intramolecular hydrogen bond in the s-rfs 
conformation results in a decrease in vCO frequency to U)53 rm~’ (see chelate 
compounds of hydruxyketoncs). 

c. Diaryl ketones. The presence of two aryl groups in diaryl ketones 
results in a decrease in vCO frequency to 1664 cm~^ (benzopheiione in r.CI() 


Table II-U6 vCO frasneaeleR In paro-aubitltHtad benmplieaonH [22] 


n 

R' 

vCO, oiii“^ 

IfamnieLUo 

N(CH,), 

N(ciy, 

1639 

-0.072* 

NH, 

OGH^ 

H 

1651 

-O.ODO 

OGfIg 

ib;)j 

l).Zii8 

CH. 

r.H, 

1639 

0,170 

OGll| 

H 

1656 


C(CI1>)| 

11 

1664 


Gll 

11 

1661 


II 

J1 

1664 


F 

H 

1607 


Bf 

Ji 

1665 

1 0 22/ 

Gl 

Cl 

1670 

0.2.12 

* Reference 43. 





[18,21,22] (Table 11-116). As in acetophenones the sid)stitueiits iifrecL the 
vibration of the carbonyl group. llelnticin.ships betveen the vCO frequence 

and u number of physi- 
cal, thermodynamic, and 
kinetic constants have 
been found [22]: for in- 
stance, there is a linear 
relationship beUeen the 
v('.0 frequency in para- 
suhstituted benzophenu- 
nes and the Tlammett-rr 
constuut (Fig. 11-86). 

In pheiiylcycloalkyi 
ketones (e. g. cyclobu- 
tyl-, cyrlopentyl-, and 
eye lohexylphenylket one), 
the vCO fiequencv is 1686 
1687 cm-’ |22j. Phcnyl- 
cyclopropylketune has a lower frequency, 1677 cm"^, close to that of a, p-uii- 
salurated phcnylkctones (C(HjCO - CIl- ClI- CHg ab, sorbs at 1680 cnr‘). 
A styryl instead of a phenyl group raises the frequency by ca. 6 rm~' [22]. 



Fig. II-8G Vulationof IhrvGOircquency wilhlhrllamnietl-a 
constant in substituted briunpbenones 
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4. Moim- sad polyeyelie ketones 

In monocyclie saturated ketones, the vCO Irequency varies with ring size 
(46—48]. In cyclanones with three* to righl*membercd rings, the frequency 
decreases in the order; 


Cj >0^ ;%{ C|. 

vCO freqiiencie.s of ketones with 4-to S-membered rings recorded in carbon 
tetrachloride solution are shown in Table 11*147 [40, 50]. 


Tabtf n III vCO IrequeiiplM In nyrlip ketaMi (11% Mlallon 
la LCI 4 ) 


Kelone vCO, cm'* eulMlatcd * degicc* 


CyclobulanDiie 

1788 

1791 

82 

Gyclopentanoni* 

1748 

1750 

101 

Cyclohcxaiinnr 

I7ir. 

1717 

lie 

Gyrlohp|ilanotic 

170,; 

1704 

121 

tyclooGtanfinc 

1702 

1701 

1 : 1 ;; 


Frequencies of six-niembered ring ketones are close to those of aliphatic 
saturated ketones (1720 ciu"^ in acetone). The frequency rises hy ca. 10 cm"^ 
ill the five-niembered ring |51] and by ca. 00 ciu”^ in the four-membered 
ring. For cyelopropanone (obtained from kelone and diuzomethane), a band 
at 1825 cm~^ was assigned. However, the a.ssigiiinenl is uncertain since the 
spectra were recorded on a crude product |52, 52 a]. 

A rise in vtlO frequency w itb decreasing ring size was assigned to changes 
in hybridization in small rings [53]. In smaller rings the ring bonds become 
enriched in p-componeni and the carbon-oxygen bond becomes enriched in 
.s-componeiit. This corresponds to a larger force constant resulting in a rise in 
vCO frequency, 

A number of reliable correlations have been established between the fre- 
quency of the carbonyl group and some physical and chemical properties of 
cyclic ketones. Thus shifts in CO frequeiiry in various cycloalkane rings have 
been correlated with the deformation of the “>0=0 angle between C — C bond.s. 
The following empirical formula ha.s been proposed [54]: 

v(cm-»)^-1278l 68x-2.2(p. 

This formula enables the determination of angle 9 ( ::;■('.()) 111 degreees in 
a number of simple cyclic ketones [47] (x is the force constant of the G=0 
bond in dialkyl ketones expressed in 10^ dyne/cm; consequently, in the above 
relation x=10.2±0.3) (see Table 11-118). The values obtained are shown in 
Table 11-147. Since x values are not accurate, these figures have only a 
comparative value. The errors are bfl”* Similar results have been obtained 
by other workers as well [50, 55]. It has been shown that angles in cyclobuta- 
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INFRARED SPECTRA OF ORGANIC COMPOUNDS 


none are not equal (Fig. 11-87) which means that the conformation of Uie 
molecule is nonplanar [56]. The high vCO frequency in cyclobutanone was 
attrihuteil [57] to a iiierhaniral rather than an electronic effect [49, 531 
(si'e below). 

The C— 0 frequcjiey j.s sensitive both to electronic and mechanic (cou- 
pling) effects. Tlicrefore, the force constant vms proposed as a comparative cri- 
terion for the evaluation of the nature of the C- 0 bond [57]. The calculated 
values for X [51. 57] have been related to the main effects 
mfluencing vCO shifts in a large number of ketones (see 
Table 11-148). 

According to these calculations, the C-=0 bond in 
w H 7 r i,tt eyclohutaniine has appro-Vimately the same force constant 
of the" cyci^buian^ 09 ' 3 • 10® dyn/cm) as in open-chain saturated ketones, 
one m'oliTuii'. The .uilhors consider that the rise in ireqiiency is due to 
the fact that in the four-meinhered ring the angle between 
the ('.= 0 bond and thc.idjacent C— Cbond is smaller than in normal ketones. 
This geometry enhances the possibility of eitupling between the adjacent 
C- 0 and C-- C oscillators. 


Tnblr IM48 vfO frpqiieiiPiM In kpioiirs f57| 
rmlwuyl cmiipound k \i\ * ilvn/nn vCO cm*^ riedoiinmin^ cffurl 


Snturated ketones 
Uiisatoraled keLoiiis 
(ialuffpuatpd k(*Laups 
Cyrlobulanoni 
Quiiioncb 


10 in i 
n '» 8 

0 

lo.rt 

9.5 -9.0 


1 TOR -1725 

1051) t750 Cmijugutivi 

1725- 1765 TiuUirllvu 

1 775 Vfbiat iotui 1 1 mipj iti{j 

1R60 169U Vlbrationril rrm]j]ing H in 

duclivc , rimjiipal JM 
pffvrl 


Consequently, tlu- rise in vCO froqucruiy in cvLlobutaiioiu* is nssni*iatiTl 
with a mechanical and not an olerlronic effect [57, 57^]. 

As ill open-chain hcloiics^ tlir carbonyl frcqnnirv in rvdaiioiics is ap|)ro\j- 
malely the saiue in the liquid jiliasc ns in sniiiliims in nonpolar sohciits. In 
the vapor phase il rises by 20 25 cur^. 

Cyi Inhcxaiioiic absorbs al 1715 cin*^ in carbon tetrachloride soliiliaii and 
at 1712 ill the vapor phase [18, 58]. In a large number ol sivmembered 
ring kcloiics, llu* vCO frequency lecorded in carbon tetrachloride solution 
lies 111 llic range 1710 -1720 rnr^ [16]. 

Freqiicjieies in i vclnpenlanone and other five-ineiiibered ring ketones 
are 80 -10 enr* higher than in strain-free rings (see Table 11-147). In cyelo- 
pentanone the vCO frequency is 1746 ciu"^ in solution and 1750 em"^ in the 
liquid stale |18, 58]. The carbonyl band in cyelopcntaiiones is doubled [50]. 
the two eompoiicnLs neenrringat 1730 and 1750 nir^ [60]. Various explaiialioiis 
have been jiroposed for this splitting [46. 55), 60]. Most likely it is due to a 
Fermi resoiianee [59- 61]. 
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The vCO frcqu<>iu7 in cyololirptniioue and ryrlooctaiiout' ib slightly 
lower than in cyclohexauunc |18, 58]; the decrease infrequency was explain* 
cd by a hybridization effect (18]. 

Oil raising the temperature to the carbonyl band in cyclooctanone 

(1689—171 1 cmT^) shows a shoulder at 1780 cnr*, assigned to a conformational 
isomer [62]. 

In a, ^-URsafri/ofed ketones the vCO frequency ilecrenses by ea. 35 —10 cm"' 
cf. the corresponding saturated compounds [16, 63, 64]. Cyciopeiiteuone (8SS) 
absorbs at 1716 cm"' [18]. In Irimethvi derivatives {354) and {35S) conjugation 
of the carbonyl with endocyclir and exocvclie doubles bonds results in n fall 
ill vOO frequency to 1698 cm"’. 
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(341) 

(340) 

(347) 

vCO, cin“i 1716 

1700 

mu 

1698 

1691 


The same effect is observ'ed in «, ^-nnsuliiialed cyclohcxenones, absorbing 
in the range 1661 16!)1 cm"* |66]. Cvrlohexeiume {357) with an s*cu toiifor- 

niatmn absorbs at 1691 cm"* und f;arts-2-'CyeInhe[)leuune and 2-cyelnnctenoue 
absorb at 1712 im"‘ [GOa], 

Strained cyclopropeiione alisorbs at 18.W enr’ |()6/)|. In lompounds sub- 
stituted with CII3 groups, the vCO Irequenis dcueiscs lolhe bottom of the 
innge (some compounds are .shown in Table 11-138 and have been disiussed 
along witli upen-ehaiu a, 6-uiisaturaled ketones). 

In benzoi yelanoucs vCU frequencies vars' with ring size [64]. \ decrease 
ill frequency m the series K-indaiione, x-tetraluiie, x-beiizosnberone has been 
observed [64, Tp?]. vCO frequencies in some henzoeyclaiioiU'S o1 hpe {35^), 
where n-2...9 are shown 111 Table 11-119. 


Table II-HU vCO freqururirs (rin in liriimyeluioiicii and ryclajioues* 


Ikuzocyelaiione 

n 

Nujiiboi of 
ling nlonis 

IIonisorYcUmonc 

Vpvp ''c.ilc** 

C>claiu>ne 

, (( 

111.).. 

2 

"i 

1721 

17IK 

1751 

/\/ 



0 

1681 

1682 

1715 

[ II 


4 

7 

1670 

1671 

1704 

v\ 


Ti 

8 

1667 

1660 

1702 


c-o 

9 

12 

1685 

— 

— 









'Liquid. 

*' Obtained by siiblmctlng 3.1 rm ^ (roiiJug.itivr tffert) Ironi the (orres ponding valuei 
111 cyclouones. 
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Cotijugatioa with thr benzene ring results in a decrease in frciiuency 
of ca. 33 cm~*. Shifts in frequency are assigned to the hybridization effect [SB], 
For more complex cyclic ketones (359) and (309) «hrre the fivc>membered 
ring is condensed with a six-membered ring ( 359 ), the vGO frequency is 
1715 cm"^, and in compound ( 360 ) with a seven-membered ring, the frequency 
is 1700 cra"^ 16!)]. 



0 0 
[ 159 ) 


5. Bi- and polyeyelir bridged ketones 

a. vCO Vibration. The vCO frequency in hi- nntl polycyclic ketones is 
determined by ring size, the same vay as in moiiocyclic ketones [47, 48 1. 
In strain-free systems the frequency is slightly liiglier tliaii in the corresponding 
monocyclic ketone. In si rained systems the freqncnc\ rises and vanes \nt1i 
the position of the carbonyl group. The highest values (17711-1780 cm“‘) are 
recorded in bridged hicvilU conqimiiids such .ns hicyeloheplannne-7 (see 
Table 11-150) [70, 76]. These high frequencies, com])arable to those in the 
iour-meinbered ring, are probably due to rehybridization imposed by ring 
strain. 

Characteristic vCO frequencies ol some hi- and Iricvrlic svstcins are shown 
in Table 11-150. 

Carbonyl frequencies in these systems have been used to evaluate the 
deviation of bond angles and thus to establish the geometry of the molecuh 
[17, 63], In compound (373) the low frequency corresponds to n carhoinl 
group conjugated with the adjacent aroinalir ring. The C- 0 frequencj in 
tricyclo [2.2.2. 0^’^j ocLiuioiie-3 (37/) is due to conjugation with the cyclopro- 
pane ring [76]. 

b. C— ‘H Vibrations. Vihruliuns of the CII, group adjacent to tlie car- 
bonyl group can differ from those of other methylene groups in the ring. 

In cyrianoiies with 6 1 1 carbon atoms [77], vCIli vibrations of methy- 

lene groups adjacent to the carbonyl have higher frequencies. The sym vCllg 
absorption occurs at 2860 :J- 20 rm~* and the asym vClI| band occurs at 
2!)30±30 cm"^. Cyrlopentaiione is an exception, absorbing at 2885 and 2965 cm~*. 
respectiv'ely. Deutcration has .shown that in rycloheptanone and cyclohexa- 
none the asym vClIj band is shifted by 25 cm”^ toward higher frequencies 
as compared to the other methylene groups in the ring; the sym vCII, frequency 
shifts still further away, by 40 cm“^ [77]. 

BCH, deformation (scissoring) vibrations of the same methylene groups 
decrea.se to such an extent that they can be readily distinguished from the 
deformations of other CITg grau])s in the ring. Also, the bands become con- 
siderably stronger. Absorptions of K-CII 2 groups occur at 1 143 - 1435 cm~^ 
cf. 1152—1460 cnr> lor the normal ring methylene groups. 
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SM iNFltAUED SPCCI'JIA OF OnOANIC COMPOUMUS 

AbV)r)itions in the 1400—1460 rm~^ region tor ketoneo ^ith 4— 17member- 
ed rings nre shown in Table 11-151. 


Table II-JSl Scilt Ireqiieiiejr In eyelanunei |7f)] 


ivetone 

ah 

ciu“^ 



■-CII, 

cm"* 

Gyclobutanonp 

1156 



1405* 

Cyclopentanone 

HOO 

1449 


1403 

Cyclohexanone 

1414 

1423 



Cycloheptanonp 

1U8 

1439 


1406 

CyclODilanone 

1163 

1441 


1409 

(Wclononanoiic 

1406 

1442 


1430 

(iyclodecanone 

1169 

1451 

1440 

14 U 

tiVclododccanone 

H65 

1453 

1441 

1411 

Cvcloteiradecanonr 

1457 

1437 


1407 

Cyclohoxadecanonc 

1450 

1434 


1402 

Cy cl oheptadecanoiie 

14 5U 

1438 


1400 

Cyclodecai|edlone-l, h 

1142 



1418** 


* [5G1. 
*♦ 17«I. 


TIu' Muml)cr and pasitioii ol Si'.IIj hands in cyclanoncs depends on iing 
sixe and ruuformation, the same us in eyriir hydrocarbons [87] (see (iVrlonl- 
kmu's). The 1400—1410 em“^ Inmis are assigned to the active methylene 
group in the a-pnsitioii. 


6. QuiuonoH 

Quinones are a special case of oc, p-unsaturated ketones. Churn cteri Stic 
frequencies in this class of eompounds arise from C— 0 and C=C groups and 
lie in the range 1587--1695 cnr*. The stronger, higher frequency band was 
assigned to the carbonyl group. 

n. vC— 0 VibrationSi p-Quinoiies with tlie tvo carbonyl groups in the 
same ring (e.g. p-benzoquinones) absorb in the range 1660 -1680 cm~^ [80—82, 
82a]. In larger quinoid .systems (e.g. a/npAi-quinnnes or polycyclic quinones), 
the vCO frequency is lower, occurring at 1635-1655 cm~^ [83—85]. 

A particularly low frequency (1626 cm”^) has been found in 4, 4^-dipheno- 
quinone [83]. 

In some quinones tlic carbonyl band is doubled. The reason for this doubl- 
ing has been interpreted in several ways [36], namely vibrational coupling 
(by analogy with peroxides and anhydrides) [87], intramolecular vibrational 
effect [88], and separation of unperturbed frequencies of vCO stretching vibra- 
tions due to sterir or electronic effects [82, 89). 





carscnyl compounds 
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Bcn^oquiiiunr wrs assigned a single baud in earlier works. Actually it 
shows a doublet which remained unnoticed because of poor experimental 
conditions. 

The frequency, intensity, and splitting of the vCO hand in suintituted 
p-benzoquinones are influenced by the nature, posilion, .nnd number of sub- 
stituents. 

Blectron-donuting groups (-|-7 effect, nlkyl gnmps) or jroups with a 
but -l-U effect (methoxyl, hydroxyl) lower the frequency. The effect is 
enhanced by an increased number of siibstilucnts of this type. The hydroxyl 
group shows the most powerful effect (80, 81], Electroneg;itive substituents 
with —I, —E effects raise tlic frequency [80]. Also in this case the shift 
depends on degree of substitution (90, 01], p-Benzoquinone substituted with 
a chlorine atom (with a strong — / and +E effect) shows tw'o vCO 

bands [80, 82]. Tlie relative intensity of the two absorptions depends ou the 
polarity of the solvent |89]. The distance Av (cin~^) between the two bands 
is 20 cm"’. In 2-cliluroquii)one the two absorptions have frequencies ol 1080 
uiiil lOGU cm"’'. The higher frequency band was assigned to the carbonyl 
group next to the halogen atom, perturbed by a field effect as in haluke- 
lones. Tlie second band corresponds to the carbonyl group adjacent to a hydro- 
gen atom. 

This iiitcr|>rctation is supported iiy the fact that 2, .'t-dichloroquiuone 
(377) and 2, 5-dh'hIoroquinone (3?S) show a single band at 1G92 and 1688 cm"’, 
respectively, whereas 2, (i-diehloroquinone (370) shows two bands, at 1702 cm"’ 
and 1661 cm"’ (Av=41 cm"’). Chloranil (380) with chlorine atoms in the 2-, 
5-, 6-, positions shows a .single band at 1693 cm"’. The same elfects take 
place in Idle corresponding bromoquinoiies. Monobromobenzoqniuone, absorb- 
ing at 1682 cm"’ is an exception [82]. This nuiy be either because of a dimin- 
ishing field effect in the order Cl>Br>I or, more likely, because of super- 
impo.sitioii of the two bands (2, 6-diliromoquiiione shows two bands, at 


0 1G8II 

0 

0 

0 IMil 

0 

I'v r, 

II Cl 

II Cl 

'll 

Cl 1 r.i 

/ \/ 

/V' 

/X/ 



ll II 

U II 

ll II 

|l II 

i 1 

\/ 

V\(;i 

/v 

\ 

s 


II « 11)1)0 

II r 

(11 II IOMj 

1 « I7iia 

a ll- 

0 

0 

0 

n 

0 urn 

(m) 

( 377 ) 

firs; 

( 379 ) 

( 310 ) 


1703 and 1663 cm"’, Av— 40 cm"’) |82J. A phenyl substituent does not alter 
the frequency of the carbonyl group in qiiinoncs. 2-Pheiiyl-/)-bcnzoquinone 
shows a band at 1671 cm"’ with an ini lection at 16(i.t cm"’. In phcnylchloro- 
p-benzoquinones, the shifts depend on the relatise positions of the two sub- 
stilueuts. Disubstituted compound.s with subslitnenls iii llie 2- and 3- posi- 
tion (381) or 2- and 5- position (382) .show a single vC--0 baud. Compounds 
disubstituted in ilie 2- and 6- position (3831, where substituents are adjacent 
to n single carbonyl group, show two bands |82]. 
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It 111 believed that in compounds {SSI) and {S8S) the opposite effect of 
the two substituents reduces the distanoe between the two bands to the extent 


0 



ITif^ II 4-1683 
0 

(3Sl) (382) fm) 



that they overlap. The spectrum shows a single absorption at 1683 cm~^. In 
compound (SS3) the frequency and distance between the two components 
of the doublet are also iidluenced by substituents in the para-position of the 
beniene ring (Table 1M52). 
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In 2, 6- dichloro-5-p-nitro- 
phenyl-p-benzoquinuiie, the 
splitting is 35 cm**^ (vCO occurs 
at 1698 and 1663 cm"*). Fre- 
quencies of halogenoaryl-p-ben- 
zuquinoiies substituted in the 2- 
nnd 5-positions are 5—9 cm"* 
lower (1674 em"*) than in 2, 3- 
disubstituled isomers (1683 
cm"*). This is of value for the 


determination of the mode of 


Y 

vCO, cm"*^ 


substitution. 

11 

1688 1659 

29 

1, 4-Naphthoquinnne ab- 

a 

1085 1868 

27 

sorbs at 1675 cm"' and 9, 

NO, 

1682 1667 

25 

10-anthraquinone absorbs at 

“ 1678 cm"* [84]. 


b. Oilier vibrationa in quinones. Out-of-plane C— II deformation vibra- 
tions in p-benzoquinones have the following frequencie.s, depending on the 
mode of substitution; 


munnaubstiluted p-benzoquioones 825-865 and 801-916 i-iu-i, 

2,3-dltubttItutcd p benzoquinones 8‘11 —846 cm~^, 

2|5- and 2>6-dlsnbslitoted p-bFnaoqnlnoncs 897 — 820 cm~>. 

e. vC=C vibrationa. The frequency of tlie vC=-C skeletal vibration is 
ca, 1600 cm"*. In substituted compounds the intensity of tbe absorption 
is strongly influenced by the nature of the substituent. In methoxyquinones 
the band is stronger than in the eorresponding methyl- or hydroxyquinoncs 
[81, 82]. 
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Frequencies of o-qniuones He in the range 1669—1664 cm"* (64] and can* 
not be differentiated from those of p<H{uinoneB |92]. 



C. SUBSTITUTED CAHUONYI. COMPOUNDS 

1. K-HalogeniNilddiydett 

K-llalogenoaldehydes ha\L‘ been less exleiisively studied than a-halogeno* 
ketones. The electronegative halogen atom attracts the electrons of the C=0 
group reducing its polarity. Contribution of structure is greater than 
(889) and the baud order rises, ef, unsubstituted aldehydes. The frequency 
of the carhonvl group rises by cii. 10- I.*? cm"^ 

i .. I f 

Cl- C< CH- 0 Cl— C— CH— or 

I I 

(SSg) (JSS) 

MonoehloroaeetHldehyde sboiss a vCO absorption at 1752 rm~* in the 
\apor phase, at 1758 eiu"^ in carbon tetrachloride solution, and at 1758 cm"* 
in acetonitrile solution |{)3]. On increasing the number of halogen atoms in 
the a-iiosition the frequency rises substantially. In the vapor phase trichloro- 
acetaldehyde (llgCCllO absorbs at 1778 cm"*, the shift being -j 26 cm"*, cf. 
monochloroacelaldehyde. In carbon tetrachloride solution the frequency is 
1768 cm"i. 

The oecuneuee of a single absorption band in spectra of halogenoacetal- 
dehydes in the vapor phase as well as in the liquid phase or in solution sug- 
gests that these molecules adopt a single conformation. The infrared spec*'rum 
of monochloroacelaldehyde indicates Iwo possible conformations, one with 
the chlorine and oxygen atoms o/i/i-staggered (390) and the other sgn-eclip- 
sed (391) (cis). The first one is favored. In conformation (391) uith the oxy- 
gen atom adjacent (eclipsed) by the chlorine atom, the vC.-- 0 frequency 
should be appreciably higher because oi electrostatic repulsion between the 
(hlorine and oxygen atoms. Consequently, il is believed that the molecule 
adopts a conformation in which chlorine and oxygen are in the most remote 
position (anti) (390) 
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2. ONHalofauiled KoWuim 

In H-rhloro and ««-broino ketoncM the carbunyl frequency j«( 20 cnr^ 
higher than in the corresponding nonhalogenated ketones. In fluoroketones 
[95] it is 40 cm~^ higher. The strongly electronegative halogen atom alters 
the electron distribution in the CO group both by its — / effect and field 
effect (electrostatic effect transmitted through space) which in Ibis case is 
very important. Consequently the geometry of the molecule ploys a predo- 
minant role, and shifts in frequency in conformational i.soniers are to be 
predicted. 

The first correlations between the vCO frequency and the nature, position, 
number, and steric orientation of the halogen atoms have been observed in 
ketosteroids with a rigid ring system [96, 110]. In a number of 2-broino- 
or ^l-bromo-S-ketosteroids, a rise in vCO frequency of about 20 rm~> has 
been oI>served (17.35 cm~*), of. the corresponding nonhniogenatt'd 3-ketoste- 
roid (1715- 1711) cnr^). It was also shown that when the carbonyl group 
is adjacent to two bromine atoms — CllBr— CO- CIIBr— the AvCO shift is 
almost double; for example, 2, l-dibronio-3-keto.sler(iid.s absorb at 1760 cm~^. 
If the two broniine atoms are at the same carbon atom --CO— CBr^ . tlie 
effect is no longer additive. 2-BromoGholestanone-3 and 2,2-dibromoclioles- 
tanone-3 have the same vCO frequency (1735—17.19 cm This l)ehavior 
was explained by the different influence of axial and equatorial halogen aloius 
on the vCO vibration (sec llalogenocyelanones), 

A more careful study of K-hnlogenoketones shows that the ('arl)onyl fre- 
quency depends to a great extent on the conformation of the imdeeule. In 
the case of ketones H— CO— CllgX, the halogen and oxygen atoms can lie 
close in space in a .vy/i-eclipsed (rtv) conformation (392) or remote' from each 
other in an onii-staggered conformation (393) 
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I'uctors determining the stability of one or the other conformational 
isomer under given roiidilions are eleetro-static repulsion between chlorine 
and oxygen (both atoms are electronegative) and steric repulsion between 
the chlorine atom and the group H attached to the carbonyl group. Depending 
on which effect predominates, the raolecnle will adopt either the confor- 
mation (393) or the more polar conformation (392). In conformation (392) the 
halogen atom increases the C— 0 bond order through a dipolar field effect. 
The —I elfect acts in the same direction. In conformation (393) the two 
effects act in opposite dirertions and compensate each other to a great extent, 
In the infrared spectrum the carbonyl frequency will be higher in confor- 
mation (392) and practically unchanged in conformation (393). 
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Tlwsc criteria have been used in the identification of stable CQnfor> 
matioos of many acyclic ketones in various physical states. From this It 
1>reame possil)Ie to evaluate the factors determining the stability of confor- 
iiiutioriHl isomers; for example, in uM’hloroacetophenone [97] in the crystalline 
slate, the vCO frequency rises by 20 riir’ (1702 cm“^) cf, acetophenone 
(1«82 rm-i) (Table IM5.<J). 


Table ll-lSi vCO InaaeaeiM In o-tM«rncelo|A«iionu [08] 


Ketono 


wn~* 



\Apor 

Liquid 

Solid 

Solution 

jn ca. 

SohiUoa 
in CH,CK 

C^Hj-CO-Cll, 

1700 

1687 

1682 

1602 

1688 

CgH5“CO“- LTl|Lj 

1709 

1693, 1709 

1702 

1696, 1715 

1896, 1710 

llgHg-CO-CHCl, 

1707, 1729 

1690, 1707 

1709 

1602, 1716 

1605, 1713 

p-Cl-CgHg-CO-^CHgCi 

1709 

1695, 1707 

1708 

1698, 1715 

1695, 1711 


In the liquid state nr in solution n doublet occurs, attributable to the 
cMsteiice of two euniortnutioiial isomers (3iU) and (39J); in the vapor phase 
Ihere is n single absorjiLjoii equul to that in nretophenone. 
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The liigber Irequeney vC.O b,uid in the rrystalline state (1702 cm”') 
eun be a.ssigned to the more stable conformation (39S). It corresponds to the 
1082 ein”' frequency in ueetophciioue. In the vapor phase the stable conforma- 
tion IS (3, Of) (rtii/i-slaggered), absorbing at 1700 cm”'. Consequent!}', the 
lower freqiienry band in the liquid state or in solution (1(>8.S cm”') corres- 
ponds to eonloiiuiLion (3f/f) and the higher band to conformation (89o). 
Dichlornucetoplienone has two vCO absorptions in the vapor phase: 1707 and 
1729 cm”'. Consequently, the second halogen atom contributes to the stabili- 
zation of a more polar form of higher frequency (1729 cm”'). 

Table II-I51 shows vCO frequencies of several x-mono- and polychloro- 
ketoiies |98|. It can be seen that at least two vCO bands occur in solution, 
arising from conloi'mitioiinl isomers. In the vapor phase a single conforma- 
lional isomer is present (willi the exeepLiou of asymmetric dichloroacetone). 

Ill llie e.ise of moiiuehloroaeidone, dipole moment measurements and 
speitrosiopii methods have shown thal Ihe stable form in Uie liquid and 
soliil slate IS the more polar eonfornuitioii (396) (Cl and 0 ris). Conformation 
(39J) («n/i-staggercd) is lavored in sapor phase. 
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Tablt II-JU vGO IrKOMMlM is siidilaralistasM 


nCO, cm-l 


Kietonf 

Vupor 

Liquid 

Solid 

Solution 
in CQ, 

Solution 

InCHiGN 

CHg-CO-CH, 

1738 

1715 

* 

1719 

1715 

CH,-C0-C1LC1 

1743 

1725, 1743 

1T25, 1742* 

1726, 1752 

1720, 1744 

CH,-CO-CHCI| 

1723, 1756 

1740 

1732 

1721, 1743 

1716, 1745 

CIi,CI-CO-CHjCI 

1746 

1728, 1742, 
1755 

1745 

1730, 1746 

1711, 1752 

CHC1|-C0 -CHCI, 

1770 

1762, 1773 

1739, 1770 

1761, 1774 

1758, 1772 

C1,C-C0-CC4 

1784 

1750, 1778 

1745, 1757 
1779 

1751, 1780 

1751, 1780 

CH,-CO -CfCH,), 

1726 

1711 

1705 

1711 

1704 

C1{,C1-C0-C(CH,), 

1733 

1712, 172b 

1717 

1713, 1732 

1709, 1725 

CHC1,-C0>C(CH,), 

1750 

1731, 1743 

1730 

1731. 1715 

1729, 1742 

* Shoulder. 







In an oldi-r iiiLerprclation lOfl] ol tlu' doiil)li'l o(iurriui{ in Lhc liquid 
slalp, thi’ higher frequency hand (1745 cm“^) was assigneil t« ronformaLinn 
(397) (anti) and the lower frequency band (1725 enr>), to the inore jiolar 
conformation (396). This interpretation has been revised on llie i>asis of iti|Hi]e 
moment measurements and liand intensity vrriations with temperature and 
dielectric constant of the solvent 198]. In the new uihTpn'talion the vCf) 
frequency at 1715 cm”i (liquid) corresponds to couformalion (390) and the 
lower frequency (1725 cm"*), close to that of acetone, to rnnfnriuation (397) 
(anti). This conformation is also favored in the \apor phase, alisorlnug at 
1713 cin“*. This interpretation is supported by the increase in intensity of the 
high frequency band in solven ts of high dielectric constant fa\ oriiig pola r struc- 
tures |!)8]. However, at higher temperatures the 1725 enr* band belonging to 
conformation (3S7) is stronger. Assignments for the other compounds in Table 
11-154 were based on the same criteria. 

The influence of the size of substituent II* in structure (392) on the stabi- 
lity of the conformational isomers can be seen by comparing the spuetiuin 
of piiiacone witli spectra of its halo derivatives. In the vapor phase inono- 
chloropinacoiie has conformation (393) (the vCO frequency being the same as 
in piniicone). In the liquid phase or in solution, the predominant form is 
the more polar conformution (392) with the chlorine and oxygen atoms cis. 
Consequently, in the vapor phase the predominant effect is electrostatic repul- 
sion. In solution sleric repulsion also becomes important. 


0 0 0 o 



(W) IMJ 


CARIBONVL COMPOUNDS 


STS 

In didUoroftoetone, however, the more stable form in the vapor phase is 
the more polar one. It is assumed that in this case the more polar form 
exists in conformation rather than (SP9). 

3. a-Hfilo§enated eyelanones 

Spectra of x-halogenated ryclic ketones are partirularly interesting with 
regard to the geometry of these molecules, expecially in establishing the configu- 
ration of the halogen atom in the a-position. 

In K-halogenoryclohexanone, due to the trigonal symmetry of the car- 
bonyl group, an equatorial halogen atom is practically eclipsed by the Cs^O 
group, whereas an axial halogen atom is in a staggered position relative to 
oxygen (400). In conformations with an equatorial halogen atom, the almost 
parallel dipole of the C— Hal and C=0 bonds results in a rise in vCsiO 
frequency by ra. 20 ciu~^. A\’]iereas in a conformation with an axial halogen 
atom, the orieiilnlioii ot the dipole is such that the carbonyl frequency re- 
mains equal to that of the iionhalogenated compound [90, 100], This fact 
has been widely used in establishing the configuration of the halogen atom 
in the x-pusition in eyclohexanones; for example, in the two isomeric ris 
nod frflns-2-l)Tomo-4-<-imtylcyclohcxanones, the /-butyl group is in an equa- 
torial position. In the ris isomer (40T), the bromine atom is equatorial, and 
in the trarvt isomer (402) it is axial. The vCO frequency in the ns isomer 
is shifted by l.'i -22 cm“*, cf. f-butylcyclohexanoiie (the Av variation within 
these limits is because of a solvent effect). lo the irons isomer (t02), A v is 
practically zero [!M>, 101, 102]. 






eit Br (e) 

(ser) 
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In a-chloro compounds, isomers with equatorial chlorine atoms show 
AvCO shifts of ra. -|-1 1 cm~^. Whereas in isomers with axial chlorine atoms 
these shifts are 2—4 cm”* at the most [103—107]. 

Of the two eunformations possible in a-bromocycloliexanoiie, (40S) with 
an axial bromine and (404) with an equatorial bromine, conformation (403) 
predominates: AvCO =* +1 cm~* [103. 107-110]. This shows that clec- 
Lrustatie repulsion between the carbonyl group and the equatorial bromine 
atom, corresponding to the sgii conformation (392) in the acyclic scries is larger 
than steric repulsion between the axial halogen and the two axial hydrogen 
atoms. However, if the S-position relative to the bromine atom is substitu- 
ted with methyl or elbyl groups instead of hydrogen, steric repulsion pre- 
dominates, and the equilibrium is shifted towards conformation (40S) with an 
equatorial halogen. In 4-mefhyl-or l-cthyl-2-broniocyclohexanone, AvCO 
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is 10 cm"*. In 2’bromo>4, 4HliinethylcycIohexan»np, the halogen ntom is 
exclusively equatorial [103]. 

In 2,6-dicblorocyclohexaiione, the vCO frequency is 1745 cm"* 
(Avs: 33 cm"*). The spectrum corresponds to a mixture of 58% irons (a, e) 
and 42 % cis (e, e) or (a, a). In 2,6'dibromocyclohexanone the ratio is 85 % 
irons isomer (a, e) and 15 "o it's isomer [103]. 



In oc-halogenocycloheptanones the shift, rf. eycloheptanone (1700 em"*), 
is +8 cm"* for the a-bromocompound and * 10 cm"* for Ihe a-chloro deriva- 
tive [103]. 

In the case of a-halogenocyclopcntanonc as a result of the nonplanar 
half-chair conformation (C, symmetry), the angle between the sectors of the 
dipole moments of C=0 and C— Hal bonds decreases to ca. 77° tor both con- 
formations [111]. AvCOin a-bmmocyclopentanonc is 16 cm"* for the pspinfo- 
equatorial bromine atom and 8 cm"* for the pseitdo-axial bromine atom (inter- 
mediate between values corresponding to axial and equatorial halogen atoms 
in cyclohexanones) [112, 113], 

In a-halogenocyclobutanes, frequencies are higher bv ca. 25 rm"* cf. 1775 
cm"*, the vCO frequency in liquid eyclohutanone [56]. The frequencies varv 
with the nature of the solvent. vCO frequeneies of .some a-halogenocyclohiita- 
nones in various solvents are shovn in Table 11-155 (coneentralion 5 -10",,*, 
[56]. 

Table 11-156 shows AvCO values of a-halogeiioryelobutanoncs (Table 
11-155) in various solvents. 

It can be seen that in nonpolar solvents (cyclohexane, isooetane) the vCO 
frequency of a-bromocyclobutanone does not vary very much (Av is 13 and 

15 rm"*, respectively). In more 
dilute solutions, .shifts are even 
.smaller(3 cm"*). However, mpolar 
solvents the effect is appreciable. 
The frequency rises by 20—25 cm"* . 
This shows that the conformation 
of the molecule rhanges with sol- 
vent, The geometric model of 
cyclobutanone (Fig. H-88) corres- 
ponds to interconvertible non- 
planar forms (407) and (408) [56]. 

The molecule has two types of C— H bonds, pseudo-axial, (n) almost per- 
pendicular to the plane formed by the other three carbon atoms, and pseudo- 
equatorial (e) lying almost in that plane. On interconversion (407) ae (dffd), 



{ 407 } 

Fig. 11-88 Gonformatious of cyclobutanone. 
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Cyclobutanona 


Solvent 

a-Bromo 

2-Ch1oro^ 

2,2-Dlbronio 

2|4-Dlbroii)o 

Teti^nmio 

Cyclohexane 

13 

9 

14 

11 

24 

Iso octane 

15 

11 

15 

11 

27 

Dloxane 

18 

15 

IB 

16 

32 

Carbon tetrachloride 

21 

20 

22 

18 

34 

Ghlorotorm 

25 

22 

25 

23 

38 

Methanol 

20 

— 

- 

— 

— 

Dimethylsulfoxlde 

21 

20 

24 

22 

35 

Liquid 

20 

25 

27 

27 

40 
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the peeudo^equatorijil bonda become /weiido-axial and vice versa, flie same way 
as in .cyclohexane. According to this model, the halogen atom in the a-position 
can be either pseado-equatorial (e) or pseudo-axial (a). For reasons discussed 
in the case of halogenocyclohexanones [ 111 ] it is assumed that in polar solvents 
(where A v &!20 cm*'*), the favored conformation is that with a psrudo-equa- 
torial bromine. Whereas in nonpolar solvents (Avs 3. . . 15 cm~^), the favor- 
ed conformation is that with a pseudo-axial bromine, However, it should be 
pointed out that electrostatic repulsion also contributes to the rise in vGO 
frequency, mainly in the pseudo-equatorial conformation. In 2-chlorocyclo- 
butanone, the equilibrium is displaced in the same way as in the bromide. 

Values in 2, 2 -dibromoryrlobutanones are close to those in monobromo- 
cyclobutanones. Consequently, the bromine atoms are o and e. In 2,4-dibro- 
mocyclobutanone, shifts are of the same order of magnitude, which implies a 
.structure with one pseudo-equatorial and one pseudo-axial bromine. The total 
effect is equal to that of a single bromine atom. The two bromine atoms are /rtins. 
In 2, 2, 4, d-tetrabromocyclobutanone, the mean shift of +31 I'm"^ (in CCI 4 ) 
corresponds to .shifts ob.servcd in other tetrahroniocyclunones (-| 30 cm~^) 
[114]. 


4. Uydroxynldehydes and hydroxykotonos 


In hydroxyaldehydes andhydmxyketones with functionalgroups suffirient- 
ly removed from each other to prevent intramolecular interaction, the vibra- 
tions of C—O—H and 0—0 bonds arc similar to those in rorrespondiiig mono- 
functional derivatives. However, in rumpnund.s with adjnrent Oil and C=?0 

groups, intramolecular hydrogen bonds are formed, 0 — H 0 =C <• 

resulting in a number of eharacteristie absurptioii.s in the infrared (115, IIG]. 

In .saturated hydroxyketones the intramolecular hydrogen bonds give 
rise to a strong absorption in the range 3200 —3400 cm~^. On dilution the 
band corresponding to the free hydroxyl also beroraes visible. In the same 
region the sufficiently .strong first overtone of the vCO vibration occurs com- 
plicating the interpretation of the spertrum. In .surh rases denteration is 
of great value. 

Intramolecular hydrogen bunds in saturated compounds (40ji) are weak. 
In K.^unsaturaled ketn alrohols, c'lelaiton results in a shift of the vOH 
frequency. The stronger the intramolecular bond, the larger the shift. The 
infrared spertrum .shows a broad band between 2500 and 3200 cm~^. The com- 
plexity of this band diminishes its diagnostic value, and .study of absorp- 
tions in the vCO region becomes necessary [115. 117, 118]. 


C-(C),-C 

I II 
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vCSO vibratiMi. The O-'H -Oa-C hydrogen bond diminiidieB the 

CasO bond order. The immedinte n»BuIt!i in n decrease in vCO fre<niency< The 
infrared spectrum of saturated hydroxyketones shows, in addition to the 
normal strong absorption of the carbonyl group, a new bond shifted by 10— 
15 cm**^ toward lower frequenries. This band persists in dilute solutions 
[117, 118]. 
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'fhe intramoleruliir hydrogen bond in unsaturnted hydroxyaldehydcs and 
hydroxyketones is stabilized by n type of ehelate eonjugatinn, and the fre- 
quency decreases appreciably (see p-diearbonyl compounds). 

In aromatic hydroxyaldehydes and hydroxyketones, the strength of the 
intramolecular hydrogen bond ran be evaluated from AvCO values [110, 119a]. 
Ill snlicyelie aldehyde, the vCO frequency (1070 cm"*) is shifted by 38 cm“* 
toward lower frequencies, ef. benzaldrhyde (1708 em“’). This indicates an 
appreciable diminution of the C—0 bonds order in structures such as (41g). In 
o-hydroxyncetophenone (4tS) (vCO=l648 cm"^), the shift is 15 cm”i, cf. 
acetophenone (1693 cur*). 

In a-niid p-hydroxynaphthaldehyde, shifts in frequency (AvCO) vaiy' 
with the position of CTIO and OH groups in the ring [119] (Table 11-157). 
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The table shows that whereas frequencies of functional groups are inde- 
pendent of a or p substitution in the naphthalene ring, in hydroxy deriva- 
tives large differences in behavior between the 1,2- and 2, 3-positiuns are 
observed. All compounds form intramolecular (chelate) hydrogen bonds, but 
they are stronger in compounds sub.stituled in the 1- and 2-position than iu 
those substituted in the 2- and 3-position. The interpretation is that the 
C^— C, bond in naphthalene has more double bond character than the C,— 
bond and thus stabilizes the chelate bond by conjugation. 

Studies of a large number of hydroxy aldehydes and hydroxy ketones in 
the phenanthrene [120] and indane series {120a] have shown that the decrease 
in frequency (AvCO, cm*'*) is 'proportional to the double bond character of the 
linkage between the substituted carbon atoms. 
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Tahh vCO in hrteinfl nlMifdw nn4 hydroiy ketoM In Ite miplitelenB 
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That angular chelatization {414a, 41Sa) is favored over linear rhelotizatinn 
(4J4b, 415b) results from comparisons between vCO frequencies in 2, t-din- 
retyl- and 4, G-diacetylresorcinols {415a and 4I5b). 

The lower vCO frequency in compound {4ISa) (stronger hydrogen bond) 
shows that its conjugated system is more extended than in {415b) and that 
the double bond character between the substituted carbon atoms is stronger, 
A similar behavior is observed in diacetoxyfloroglucinols [121]. 

In hydroxyquinones intramolecular hydrogen bonds are possible only 
with hydroxyl groups in the x-position [122. 117] (Table 11-158). 
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The Oil group iinohrd in rhelation gives rise to broad absorptions 
between 2500 and 5200 ern”’. 


n. D I C A R U 0 N ^ I. COMPOUNDS 


ii. l,e>]){eaTlJOiiyl compounds. In open-chain compounds where the 
two - CO - ('.0- groups can adopt an s-tranx orientation only the asvmmetric 
stretching vibration (/I6a) is active in the infrared. The .symmetric vibration 
{416b) inactive in trans configurations becomes active in dicarbonyl compounds 
where for steric reasons the molecule adopts an x-eis configuration (417a) and 
(417ft) (e. g. in cvclie compounds). 


>-c^ >-cf >-< >-e^ 

i-tli 
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GJyoxal 0=:HC-CH=O shows a vsingle band at 1730 cm"^ arising from 
the asymmetric stretching vibration of the two trans oriented C=0 groups 
(123, 124]. The shift toward higher frequencies, cf. saturated aldehydes, is negli- 
gible (ca. 5 cm“i). This shows that the two groups are nut conjugated. 

Diketoiies with^carhonyl groups in the 1- and 2-positions show the saute 
behavior. Spectra show a^single absorption shifted by ca. -|-5 cm“^, cf . the 
corresponding monoketones; for example, diacetyl absorbs at 1718 cm“*, alipha- 





980 


INFRARED SPECTRA OF ORGANIC COMPOUNDS 


tin moiioketoiies absorb at 1715 em'^, and benzyl abaorba at 1681 cm*^ (in 
the region of aromatic monoketones) [124], The spectrum of pyruvic aldehyde 
CII,— CO— CHO shows a broader band centered around 172 iem'*’, containing 
the absorptions of both types of carbonyl groups [125]. Cyclic six«membered 
ring 1,2'diketones (s-cis configuration) absorb at 1730 and 1760 cm"^ and five- 
metnbered ring ketones absorb at 1760 and 1775 cm'^ [126]. If the two groups 
belong to a four-membered ring the frequency is higher; for example, diphe- 
nylryclobulenedione {■llfi) has a doublet at 1776 and 1786 em"^ [127|. 

"•\ / 

A 

II, c, 0 

(m 

b. 1,3'Dicarboiiyl compounds. Spectra of l,3-dicarljuiiyl compounds 
reflect their special properties. In general, the so-called ^'pure'* substances 
are not individual compounds, but lautomcric equilibria of keto-cnol forms. 
Because of this, normally the infrared spectrum shows characteristic bands 
for the molecular species present. The tautomeric equilibrium ketone ^ enol 
depends on solvent, dilution, and tempLM'uture. Consequently, studies of iiilen- 
sit>' variation are of special value in the investigation of the.se compounds. 

Infrared .spectroscopy is particularly ellicieiit in the investigation of this 
type of tautomerism. 

In the ease of p-diketoues, the spectrum should show three types of 
bands in the carbonyl region: saturated ketone {419), a, p-un.satnrnti>d ketone 
(420), and bonded carbonyl (421). 
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The spectrum of aeetylaccLoue in the liquid staW |12t, 128] shows iii 
the carbonyl region a doublet of medium intensity (1709 — 1721) cm"*) assigned 
to the kctonic form (the splitting is attributable to vibrational coupling). 
The enolic form shows only a broad, very strong band between l.’>38 and 1640 
cm~i. The hand includes the ab.sorptiuns of both functional groups, C— C 
and C=0 modified by hydrogen bonding. This absorption corre.sponds to 
a chelate structure (421) resulting from an intramolecular hydrogen bonding 
between the carbonyl group (acceptor) and the enolic hydroxyl group (donor). 
The vCO frequency in the enolic form {4BZ) (1616 cm"*) was established by 
deuteration. In the deuteroderivntive (423) it occurs at 1621 cm"*. The vC— C 
vibration in (422) has a frequency of 1536 cm"* [129]. The band arising from 
the chelate linkage persists on dilution as in intramolecular hydrogen bonding 
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in hydroxylic compounds. For chelate stracturcs a stabilization due to reso 
nance belarcen structures (i24) and {425) is assumed. 
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On aretyl.'itiou ot the Oil {jroup (m tliv rnolu lorin) the possibility of 
I lu'lalioii disappears. The spectrum ot the acetyl derivative (42^ shows the 
nominl b.inds oi an a, p-unsnlurafed earljonyl (1696 em~^), of the C=C bond 
Hi.'W cm”’), and of the --0 linkage in Ihe acetsl group (1761 cm”’). 
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l.iquid acetvlueeloiie shins s ni the vOil Mlinilion legion a broad band 
within the range 2,')(K) 3600 rin”', a.s.sigued to the bonded eiiolic form. A 
second broad band, at 2700 mr’. oeeuningin solution and in the s.npor phase 
IS assigned to the ehdate 0— II bond |129J. Bands in this region arc rha- 
raclerbstic for inlranioleculerly l.ondcd hydroxykclones. 

In metal rlieliites oi the type (J27) 

n,-C-(Jl. C-H, 

II I 

0 0 

' / 

Ml 

n 

(«?) 

the rhelatc 0— 11 Ircqiiency at 2700 cm”’ does not oicnr. vC 0 absorp- 
tions fall within the range 1600 - 1(516 uu”' and v('— C tieqiiencies arise 
betu’cen 1602—1.118 cm”’ comparable will) chelated phenol [1291. 

In lyihr l,,t-dikctnnes, no resoniuiie stabilized iiitrainnleciilar chelate 
bond can be ioriued. The eiiolie slnuUire enables diiuerization and polymeri- 
zation by means of intermoiceular hydrogen bonds. 



382 


INPIIAUKJ3 SPKCTilA OF OKOANIC COMPOUNDS 


The spectrum of dimeihyldihydrorcsorcinol shows bands corrrsponding 
to these forms [121, 128]. In chloroform solution the two tautomeric forms 
arc in equilibrium (Fig. II-8U). 'fhe krlu form (428) absorbs at 1735 and 
1708 cm~^ and tiic dimeric cnol form (430) absorbs at 1607 cm~>. 



Fig 11 80 Infrared spei 
truni of dimpthyldihydio 
ipsornuol in chloiofoiiu 
solution. 


0 0 



(428j {423) 

0- -H-O 


-H- ■■ 
(^0) 




On increasing the coiicenlialion the equilibniim sliitls lowiiiil Ihe euolu 
form (dimrr or polymoi). The uilensitj of the 1()07 iin”^ liand ris«s. lhilk\ 

siibslilutents in Lhe 2-posi- 



Fig II 90 Infrared sprctiuiii of dinielhyl(lihydror(S(Mi.iui>l 
In the prrsenit uf tdMhydiiifiiraii 


tioii diminish Ihr inlensitv 
of llie band iharactenstu 
Ini Lhe eiiol lornr, couse- 
qiientlN lhe) shift lhe cquili- 
hiium toward the keto 
form. The assignment of the 
caibniivl hund is supported 
hy the pattern of Lhe spec- 
trum ol telrainethylcN clohe- 
xanr 1,3-dione (181) uhiih 
I Msls only in the keln lorni 
(ahsoiptions at lb88 and 
1717 em-i). 

Ill alcoholic solution. 


hsdiogen Imndswith solvent 
are also lorined. The speitriiiu shows a single liand .it 1607 (m~' .is m the 
dimer ol the enol (130), 


When ethers jie used as soheiils (e.g. dnivaiii ), the Oil gioiip ol the 
eiiol form (132) .isstmales with the soh'Ciit. The sin-cliuiu shows weak hands 
arising liotii the kelo-lurm at 1711 and 17H iiir>, along with strong hands 
ol the solvated \cnol, at lOrjj, 1610 cnr‘ [128| (Fig. II-‘)I)I. 
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In a number of 2’bcnzoylcyclHuunes with five-, bix- and Beven-membered 
rings [general formula (43^)], the vCO band in the cycloalkane ring occun 
along with the vCO band of the aromatic carbonyl group (C,H|— GO— R). 

H Hn. 

0 0 0 ^" o 0 ^0 

II H II .-r 

'f'**'* icn.ln^ C*"' 
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The carbon}! irequeiiey of the enolic loriii, jiiNohcd in the chelate bond lies 
111 the range 1510— Ih 10 cm"^ (Table 11-150). 
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Vanutioiis in band intensities (in 1 % solutions) enabled the determina- 
tion oi the amount of eiiol in five-membercd (Slfoli six-mcnibered (3%), 
and seven-membered (9^i,) cyclic compounds [130]. 

It has been observed that in benzo)Icyclanoncs, Anhcre the (i-=0 group 
of the cycloalkane nng is conjugated with the aromatic ring, the tendency 
toward eiiolization is much grcatei (compare indanone witli letralone and 
benzosuberonc in Table 11-159). The vOlI region dues not show the ircc OH 
band, which indicates total chelation. 
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c. KMuHNiolie tantemeriiiii. The tautomerism of ^^ketoeaters is similtr 
to that described above. Acetoacetic ester CH|GOCH|COOll (434), where 
n^CHs hMiU (1743 and 1723 cm'*^) in the vGO region, correspond- 

ing to absorptions of the CsO group in COOCH, and ol the keto group in 
^«position, [ 128 ]. The ethyl ester (Rs:C|H 5 ) absorbs at 1738 and 1717 cm*^ 
The small amount of chelated enol (3%) gives rise to a vCO absorption at 
1668 The vC=sC band occurs at 1640 cm”^. 

The size of the oc-substitueut has an influence on the tautomeric equili- 
brium. In a number ol a-substituled acetoacetic eaters with substituents 
ranging Irom methyl to I-butyl and rings from 3—6 atoms, the tautomeric 
equilibrium has been determined on the basis of infrared spectra. It must 
be pointed out that cyclobulvlaceLoacetic ester exists exclusively in the keto- 
furni (vCO at 1725 cnri) [ 131 ^ 132 ]. 
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CHAPTER 7 

CARBOXYLIC ACIDS 


Organic acids RCOOH are characlerized by tlie vibrations of the carbo* 
xylic group. In general the hydrocarbon group R shows normal frequencies. 
Interactions between the R group and the COOH group Is limited to the COOH 
group and the atoms in its immediate vicinity. 

The carboxyl group can bo considered as being formed from C^O and 
OH units, characteristic for carbonyl and hydroxyl compounds, respectively. 
Although these units can he identified separately in the infrared spectrum, 
because of conjugation between the two oxygen atoms, fundamental changes 
in the nature of C^O and C— 0— II bonds take place. As a consequence new, 
characteristic properties of the functional group occur, both from the chemical 
as well as vibrational point of view. 

The internal conjugation of the carboxyl gioup (435, 435a, I'ibh) nisulls 
in decreased C^O and 0— H bond orders lending to a lover force constani, 
hence lower frequency of these vibrations. 
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'llie influence of internal ronjiigation of llic carboxyl group on itroperlies 
of the O-'II bond ran be seen by comparing vOll frequencies and acidity 
constants in acids, phenols, and saturated alcohols [IJ. 

The decrease in vOTI frequency in acids, cf. alcohols, exceeds 1(10 cm“L 
In phenols, wdth a much weaker conjugation, both the acidity constant and 
the vOH frequency have intermediate values. It has been shown that a linear 
relationship exists between the vOII frequenev and the acidity constani 

pK« [2]. 
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The C=^0 frequency in the carboxyl group is ca. 40-50 enr' higher than 
in aldehydes and ketones (romi)are (436)— (43^)]. It could be expected that 
substitution of the hydrogen atom in an aldehyde with the electronegative 
oxygen atom (- I effect) wouM result in a larger rise in frequency (in the extre- 
me case of acid fluorides CTl, -COF, where only a strong - / effect is at work, 
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th* frequency riw« to 1R72 cm“*, f.e. by 127 cm"^). The relatively l<«ir 
rile in frequency ie due to ronjngation acting in this case in the opposite direc- 
tion to the inductive effect. It is clear, however, that the —I effect has 
a longer contribution, a, ^-Unsaturated aldehydes, where the conjugative effect 
is stronger than the —7 effect of the CerC bonds, have low'er yCis-O fre- 
quencies than the saturated analogs. 
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In the carboxylate ion {439), the prevalent conjugation (ddSa) and 
(439b) makes the two G— 0 bond orders equal (439r). The group behaves as 
a unit and the frequenev decreases to 1 ISO -1600 cm"’. 
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The (diboxyl gioup has six vibration modes three stietchiug vibrations 
of 0— II, C-=0, and C— 0 bunds, tsvo deformation vibiations of the 0— H 
bond (Ill-plane ind out-of-plane), and a deformation sihration of the whole 
0 

«rmip - ( < 

^0 H 


As ,1 lesult of its special strut tore, the eailioxyl group has a strong ten- 
(leiKV toward hvdrogen bonding, forming dimeis (440) and (441) 
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( 441 ) 

Tlu lurmatiQii of these biidgis lout is the force (unbtaiit, and the fre- 
quency of C— 0 and 0 II bonds Die large decrease in Jrequeney in these 
dimers reflects the exceptional slieiigth ol hydrogen bonds formed by the 
association of rarboxyl gioups. This is attributable to the stabilization of 
cyclic dimeis, by a iisoninte of type (440) and (44T) [1, 1]. For example, 
the dimer of formic acid (442) has a Gn svmmetiy [I] The decrease m vGO 
frequency in structure (440) is ca, 50 cm“^ 



The boiidid vOU vibration gnes rise to a broad band covering the lange 
2500—3000 cm~^ Other forms ot association of the carboxyl gioup also con- 
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tribute to this hand. In the ci^stallinc state, liquid state, r»r concentrated 
solutions, carboxylic acids exist almost exclusively as dimers. The mono- 
meric carboxyl can be identified only in very dilute solutions (less tlian 0.01 m 
in nonpolar solvents) or in the vapor phase. Since most experimental work 
has been performed under conditions in which acids are dimerized, the cur- 
rent frequencies correspond to this structure. 

Acids form hydrogen bonds with polar solvents [Aa, Ab], hot they are 
incomparably weaker than those formed between two carboxyl groups: con- 
sequently, shifts are smaller. Frequencies are intermediate between mono- 
meric and dimeric carboxyl groups. 

Depending on the nature of the solvent, the carboxyl group can form 
hydrogen bridges either by the intermediacy of the carbonyl oxygen, or the 
hydroxyl oxygen. For example, in solutions of ethers (ethyl ether, dioxane, 
tetrahydrofuran), the bonded molecule has structure {443) and the mean fre- 
quency decreases to nS,*) cm***. In alcohols the other oxygen atom is involved 
(as proton acceptor) (444) and the vCO frequency decrea.ses to 1720 cm“^. 
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In nonpolar .solvents the mean frequency is 1760 enr’, anri in lln> sapor 
phase it is 1780 cm"^ Dimer (4f0) ha.s u frcqiienrv of 17.'{0 eiir' in Iho 
vapor phase and 1710 rm“* in a nonpolar solvent j')]. 

Shifts in carboxyl frequencies as a result of clectroiuc (inductive and 
conjugative) effects and oi po&.sible internciions between the curboxyl group 
and various polar substituents in ihe molecule enable the differential ion 
between various classes of organic acids. 

A. SAT IT RATED CARUOXYL1C ACIDS 
a. Vibrations of the COOH group 

a. vOH stretching vibration. The vOlI Irequency in the Jrec (mono- 
meric) carboxyl can be identified in spectra ol acids in the vapor pha.se at 
high temperature or in dilute solution (belo^ O.OI M) in nonpolar solvents 
16, 7]. A band around 3.500 -3570 cm~T wa.s a.ssigned In this vibralion |7]. 
Formic acid in the vapor pha.se absorbs at 3570 cin“^ and acetic acid, at 
3545 cm“^ |8]. In most cases the bunded form (dimer) also persists under these 
conditions. Consequently, the vOI] band arising from ihe free carboxyl usually 
occurs along with the broad band of the bonded carboxyl (2500 - ,3000 rm~^j. 

Table 11-160 shows vC=0, vOH, and vOD frequencies of monomeric 
acetic acid (vapor phase), of its dimer, and of deuterated acids (8], 

The vOH frequency in the free carboxyl Is lower in solution than in 
vapor phase. The difference can he as large as .50 cm~^. 
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TaMe Il-W vOH vC«0 iNfMMlM to iMtte iiti4 iMtirMMlIr mMi {8] 


Vll»rap 

Won 


Mumncir 



Dtam 


CHiCOOH 

CIltROOI) CD,COOH CDtCOOD CH,COO!T Cn,COOD CD,COOH CD,COOD 

vC^O 

1770 

1770 1760 

1760 

1730 

1725 1730 

1740 

vO-U 

Jj46 

3640 

— 

29»0 

:U06 

- 

vO-D 

• 

2GS3 

2660 


2260 

2200 


In the solid state, liquid state, or concentrated solution, carboxylic 
acids are associated as dimers (or polymers) [4]. The infrared sjicctrum does 
not show the band arising from the monomeric form. It shows the broad band 
of the bonded carboxyl, between 2500 and 3000 cm**^ (6, 7, 9]. Also, suiicrim- 
position with CH stretching vibrations takes place in this region: consequently, 
correlations between this band and the structure of the acid are not reliable. 



However, this band is of great practical value. Since the majority of spectra 
are recorded in the solid phase, liquid phase, or in solution, this absorption 



occurs in each spcdiiim of an acid and serves for the identification of the 
functional group. Figure 11-91 shows the infrared spectrum of propionic acid 
(solution) and Fig. 11-92 that of solid stearic acid. 
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Two char 0 ct«'rif.lic n'spects of the vOU baiitl nrisitig from Ihc bondi^cl fn^ 
boxyl noticrd; the con&ideniblp shift toward lowpr frequencies, d. 

other bonded Oil groups (c.g. alrohols, phenols), and the large number of 
satellite bands of variable intensity spread over a large region of the spectram. 
The interpretation of these bands is discussed in several papers 16, 7]. 

The reasons for the shifts have been stated previously. The oceurrenee 
of satellite bands has been interpreted in various ways by different workers 
f 6 , 7]. By analogy with hydrogen bonding in alcohols, it was assumed that 
the broad band is due to a number of hydrogen bonds of various lengths 
[10], In a different interpretation, the band is assigned to a eoupling between 
the fundamental vibration of the Oil bond and other lower frequency vibra- 
tions of the dimer |11, 12]. Deuteratinn has shown that satellite bands can be 
explained satisfactorily as being rombination bands of different low-frequency 
vibrations arising from the carboxyl group intensified by Fermi resonance 
fl3]. The stronger band at 2700 em“^ is assigned to n combination of coupled 
frequencies C— 0 and 0-H at 1420 and 1.100 em"^. On deuteration the fre- 
quencies decrease to 2100 and 1050 fm“i, respectively (13]. 

Weak bands occur in the 2500 -2700 cm“* region . Sometimes tliev are of value 
inthe identification of acids in a homologous serie.s ( 6 , 7]. Chelate compounds 
of enolic forms of p-keto esters absorb in the same region, but the pattern is 
completely different f14, 15]. Sulfur compounds have sharp, well defined bands. 

b. vCssO stretehing vibration. The vibration ol the C — 0 bond in the 
caiiioxyl group gives rise to eharaeteristic absorptions both in the case oJ 
free and bonded carlioxyl. Since majority of .‘•pcctra of acids are recorded in 
the solid state, liquid slate, or in relatively coneentrnted solution, the fre- 
quencies discussed arc those arising from dimers. Assuming for the dimer of 
formic acid the planar .structure {442) with Cn symmeliy’ (t. R] the presence 
of a symmetry plane makes onlv the asymmetrie vibration (445) aetive in the 
infrared flR.'17] ' 

yO H-0. 

" r V n 

f) If O' 

' 4 I 

1. yC=0 fre(fiifnc!/ (mononirr). Tn saturated aliphatie aeids in the vapor 
phase or in dilute solution (below 0.01 M). a band of mean frequency 1700 
cm”'* fl 8 ] and 1760 enr* (in CSj or CCl,, respectively) fO, 16] has been assigned 
to this vibration. The alisorpfion of the monomeric form of formic acid in 
the vapor phase occurs at 1704 cm“* flR]. The band intensity ratio monomer / 
dimer varies with temperature; for example, acetic acid in the vapor pha.se 
at 20'C shows tw’O bands: 1735 cm”i, assigned to the dimer and 1785 cm"*, 
assigned tn the monomer. At G0”C the higher frequency band (1794 cm"*) 
becomes stronger, which .show s that at higher temperatures the amount of mono- 
mer increases fl 8 , 19], Similar variations also take place in other acids. 

Many carboxylic acids in dilute solutions of nonpolar solvents (CCI 4 , 
CS|) show a wreak band at ca, 1760 cm"^ along with [the strong band of the 
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dinu*r at 1710^8 pm“^ |15, 10, 20J. The <*xact poaition of the monomeriii 
vCO band dcpcnda on thp iiaturp of both the acid and thp sohYiit. In polar 
aulvents the frequency dccrt'aacs due to hydrogen bonding between the car- 
boxyl group and the solveut. In ethereal solutions, for example, in dioxane 
(Fig. 11-98), the frequency is 17,16 em“i, 25 cm"' lower than in nonpolar 
solvents |5J. In ,'ilrohols. the 
stronger hydrogen bonds 
0...n— OR result in a larger 
frequency shift (85 - 40 cm"') 

|20, 21]. 

Intensity variations of the 
two bands monomer-dimer at 
different rnnrentrations have 
been used to determine the 
eqiiililtriuin constant [22, 28]. 

2. vC— 0 frequeneif (di- 
mer). In the crystalline state, 
liquid film, or cnnccntrjteil 
soliilion, spectra of earboxylic 
.orids show a single band, thiil 
of the dimer. 

.Saturated raoiioearbovv- 
lie aliphatic acids have u 
mean frequency of 1710^10 
cm"' (18—20, 24], The frequ- 
ency varies with experimental 
conditions. In the cry-stal- 
linc state the frequency is 
10 -26 mr' lower than in the liquid state (21, 2.>]. A diffenmt behavior is 
shown by acetic acid where tl’e decrease in frequency between the liquid and 
crystalline stale is 61 cm”' [25]. Frequencies of some monocarboxvlic satu- 
raied acids in the liquid and crs'stalline state arc* shown in Table 11-161. 


Tablf ll-ItJ vCO Irmienelw !■ niOTfrboEyllf asliii J2S] 


Al'iil 

rormiilii 

vCO, 

’iTquW 

cni~* 

“ byitnl 

Av 

rni ‘ 

Solutloii In 

cs., ca. 

Acelu‘ 

Prop Ion u' 
Butyrio 

GU, -cooil 

GHj-CH,-COOh 
CJl,-(CH,),- COOU 

1715 

1725 

17211 

1654 

1730, 1710* 
1740, 170.'> 

01 

1710i-10 

Valeric 

Gll, -(GH,),-GOOH 

1722 

1722 

0 


Gapronic 

Cllj- (GHj)4-COOn 

1721 

1710 

-11 


OenunLii 

G11,”"(GH|)5-C00H 

1724 

1710 

14 


Caprolic 

Cll,-(CH,)j-GOOII 

1722 

1702 

20 


Nonanoic 

GH,- (CH,),-COOIl 

1726 

171)U 

20 


Gaprinic 

GH4-(CH4)8-COOU 

1716 

1705 

11 


Dodecanoic 

GlIj-(CH,),o-GOOH 

1720 

1705 

15 
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Fir. ll-aa Infruipd kpn-trum of propionic acid in 
the C- 0 region: 
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nci,, nnd Id) solution In lilozane. 
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Stetiric acid haa the same frcqfueiicy (1698 dll'"*) in the solid state as in 
liquid film [26], 

In higher aliphatic acids vith chains containing 14-21 carbon atoms, 
an alternation of the 0 frequency between even-and odd*numbere(l members 
has been observed. The even-numbered members (C 14 . 0^. C,g) have 
the highest absorption uL 1698 — 1701 cn^^ whereas in odd-numbered mem- 
bers (Cl,, Ci,. C^), it occurs at 1705 tm~‘ [26]. In lower members no such 
alternations have been noticed (Table II-IGl) [25 1. 

Branching in the a-position lowers the C- 0 frequency. Electron releasing 
methyl groups ( t f-effecl) reduce the C— 0 bond order and simultaneously 
strengthen the O—II bond. Decrease in freqaieucy parallels the decrease in 
dissociation coiustants oi these acids [27. 28] . vCO frequencies and dissociation 
constants of .some a-siibstituted acetic acids are shown in Table 11-162. 


Tablf V r.0 freqnrurlM lu ot^akHiluted aertlo mIOh [28, 2R] 


Arid 


vCO, cm 
ill CC1« 


Ka 10— 


(a4)|-<-GOOH 1704 

(GH|)|GH-GOOa 1715 

CHg^COOH 1721 

ICHi-GOOH 1721 

BrCH,-COOH 1730 

CiGHg-COOH 1 730 

CI,CH-COOH 1751 

CljC- GOOli 1764 


0.08 

1.40 

1.86 


74 

138 

155 

5000 

130000 


Recordings of acid spectra in mulls of alkaline halides involve some com- 
plications because of po.ssibIp interactions between the carboxvl group and the 
halide [29, 30]. 

The integrated intensity of the vCO band in saturated acids varies very 
little within the scries. In general it is smaller in aliphatic tliaii in aromatic 
acids [30]. 

3. Saturated dirarboxylic acids. In the first two member.s of the series, 
interactions between the COOH groups take place. Anhydrous oxalic acid 
or its dihydrate Iia.s a strong absorplion between 1690 and 1710 cnr^. Crys- 
talline malonic acid shows a doublet with a strong component at 1710 cm~^ 
and a weaker one at 1740 cm"’. The same pattern is shown by .succinic 
ncM. with a strong band at 1700 cm"’ and a weak band aL 1780 cm"’. The 
higher members have a single absorption: adipic and .suberic acids at 1700 cm"’ 
in nujol [9|, 1704 and 1706 cm"’, respectively, in KBr [30]. The other dicar- 
boxylic acids in the homologous series do not show any partiriilnrities in 
the vCO region, cf. monocarboxylic acids. 

Attempts to distinguish enantiomerie forms of x-substituted dicarbo- 
xylic acids in the infrared failed [ 7 ], 

e. Other vibrations ot the carboxyl g^p. Besides the vibrations 
discussed, the dimeric carboxylic group {44S) gives rise to bands at 1420±20, 
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1300:tl*> Mrt OST) ±15 cm“* fSlJ. The first two bands were assigned to the 
rnupUng nl the OH deformation mode M’ith the C— 0 sttvtebiiig vibration 
oecurring in the plane of the ring formed by the dimeric carboxyl groups. 
The third i*. assigned to the out-of-plane Oli deformation mode. A low fre- 
quenej' band (680 cm"*) has been assigned to the deformation vibration of 
0 

the angle [251. 

0 . 

These Jiands, unsiiig from dimeric ioiras disappear in dilute solution 
[31, 32]. In some polvmorphic torms their Irequencies can he shifted by as 
much ns 50 cm"*. The presence or ubsenrr ui these bands has lieen men- 
tioned Without any interpretation in niimeious works dealing with acids |7, 32). 

On dcuteratiou the bands get displared arcordingh to the displarement 
0 - OD [28, 31] (Table III-IC.3). 

Table II 181 niuracirrlatlc IrequeiirlH of the earbozjrl innip betuerB SO# ud 16N nn"* 


Ai id 


H- 

COOH 

R- 

GOOD 


Acetic 

1412* 

1290 

935 

1320 

1058 

670 

PiopioiiK 

1119* 

1239 

937 

1392 

1043 

— 

Lminnu 

14d2* 

im 

934 

1367 

1055 

665 

StPariL 

1435 

1300 

940 

1366 

105R 

666 


* The frrquenru's of these bands arc temperature dependent. 

Ch.iracteri.stic troquciicies of the dimeric carboxyl in dicarboxylic acids 
are shown in Table 11-16 i [30]. 


Table II I6i rhaiaelnlslir frequeneiee ol COOH and (ODD granpa in the NO— 1B70 riu~* 

reflon [30] 



Arid 


ruoiT 



cool) 


Oxalu 


13% 

1224 

910 

1228 

1046 


MaloniL 


1 j:h7» 

1311 

922 

1372* 

1040 

672 

Succiuir 


1417* 

1314 

925 

1383 

1046 

680 

Glutariii 


1 130 

Je303 

933 

1332 

1049 

675 

Arlipic 


1131 

1285 

937 

1300 

1050 

675 


* Uncertain 


b. Vibro/iims of the hydrorai bon ladiral. In saturat'd alkylcarboxylic 
acids, the influence of the carboxyl group is felt only by the GH| group in 
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the a-pusitioii (--Cl 12—0001 1). OhnmctrrUtic Irequoncics of the rest of the 
hydroctirlnm chain, not iiitlucnced by chain length, arc shown in Table 11-161). 

Tabtf Il’ies rimnFlerlnic Ireqaeucieii (enr*) of cr,^>ttiiMtun<rd atlds 


Vibmlion mode 


rifoiip 


Preqnmc) 

cm“* 


vCH asym 

Cil, 

2954 

vCH aiyiii 

CH. 

2926 

vCH sym 

CH, 

3872 

vGII sym 

CH, 

2853 

Cll deformat lull 

CIL 

1460 

CH deformation 

a(J[. 

1410 

as. CH| deforinatiun 

UIj 

U72 

yClV in chains with n> i 

CH| groups 

Cii. 

720 


u. CH Htretehing vibrations. In the C II stretching vibration regions 
CH2 groups give ri&e to strong nbsoqilions ot 2(126 (vCHg nsym) and 2851) 
cin”^ (VCII2 sym). The terminal CII3 group gnes rise to two weaker bauds 
at 2951 cm“^ (vCIIj asym) niid 2872 enr’ (vCIIj syni). The belinvioi of these 
bands in cIkiuis of various lenghts parallels that oi straight-chain alkanes. 

b. Q[ deformation vibrations. The Join rictormation modes of Cil2 
groups (.see Alkanes) give ri‘ I to absorptions in the s line legioii as in/i-nIKanes 
|2C]. Some particular aspects are nientioiud below. 

The scissoring vibration of CITj groups gives rise to a normal ab.surption 
in range 1170 cnr^. Along with this baud, a strong band is noticed 
at ld05 1410 cm~^ assigned to the sekssoring vibration of Ibc Cllg group adja- 
cent to therarboxj] |26, Tl|. This absorption disappears 111 7-substitiited arids 
|34, ,')5| or 111 a, ^-uiisaturiited aelds. In saturated aiids with less ilian 11 
carbon atoms, the absorption at 1 110 cin“^ is stronger than that at 1170 cnr^. 
The hitter becomes sLrniiger in chains witli more than 11 carbon atoms [34]. 

ITio in-plaiie rocking vibration of the CHj group (yCHjr) in straightpchain 
nliphatie acids giv'cs rise to an absorption at 720 cin"^. As in long chain 
Ti-alkaiies, in tlie solid slate the band splits into eompoiienLs [26]. 'Hie rela- 
tive intensity of the band increases with the number of CH2 group.s. The 
apparent molar extinetinn coeffieieiit increases from 37 units in mvristic acid 
(Cu) by 3 imits for each C112 group up to (heneie.isnnnir acid). 

The band shows diehrolsm, as in unv n-alkane chain. In mono- and 
dicarboxvlie acids with 2 12 carbon atoms, this absorption orciirs in the 

range 720 810 em-^ [24, 25. 26] (Table 11-166). 

c. Charaeterization at individual mranbera of the aeries. Spectra of 
various aliphatic acids in solution or in the liquid state are very similar and 
do not contain sufficient data fur the characterization of individual members. 
This is characteristic for compounds with long alkane chains (sec Alkanes), 
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Tatli 11-198 yCB| t tratMaelfS to awliosiflle acids {4ii] 


MMonafeosylle iicid 

Uinubozylio •cid 

ii-Alkciw 

n 

cif,(CH, tycoon 

IIIIOC(GII,),CU(lll 


0 



822 

1 

807 


7-18 

2 

7rjo 

m 

732 

a 

7;ii 

7)1 

728 

A 

727 

7j:i 

726 

r> 

721 

721 

722 

(t 

72 1 

720 

722 

7 

721 

720 

720 

8 

721 

722 

720 

12 


727 *721^ 



* I 3 /J 

Tlir speiir.! ri'iircsciil tnixLiircs ul roiiIormniiuuHl iboiiicrh. In llic rr^slalluu' 
slate, honeser. Ihe iiilrared speclni are drastically rlianyed. It has been 
^lIOW1) lliiii in the erystnlliiie slaU> Ihe hydrorarbon eliaiii exists iu a single 
Irans-iiiiznfi rnniuiiPiition as in alkanes. Under these rouditions, the spectra 
shnii a number nf Jt^inds iharaelenslir Jor Si'iinus members of the homoln- 
gous '•eries. In the liquid state tinsi bands are i'e])lBci'd b} broad bands jden- 
lirnl ill llinse id spcrlra ri rinded in solution. Changes bet'W’een the liquid 
and nyslaUme st.'le an intlneuced to a givat ixtent b> the sjnnmetry of 
the ionn impo'^ed liy Ihe elementary eell. In this regard, the oreurrence of 
polymorphism in aiids has lo be kept in mind in interpretations of their 
sjieelra (.18]. Eaeh rrj"lalline modilication has its own spcrtnim |25, 2fi, 
;i9]. b'lg. 11-01 shows the speelrura of the p-modifiealion ol stearic acid 
(film), along witli that of a-i ^ forms ol stearic acid recryslallizcd from 
iiielone at ()“C (iinjol) |261 



h'lg II 94 liifiHiiil specimm u< nyblHilau ^U•a]lL jiid. Soljil lim (. iiunliliciitinii, dotted 
line - iiushire ol a <11111 |j modi I uni inns [' 2 li| 


In the ill , 111 seiiis with 2 12 ivibnn aloiiis, the .same plienoiueii.i have 

been nl).sei\id. Hire ion, diflereiiees belwein esen- and oilil-mimbered mem- 
bers liiise been not iced 12 ."). dd], 

111 sptilr.) Ill erystiilliiii' alipli.ili( ai iiU with iliams |iinj,i 1 Ih.iii I 2 lar* 
bon .iLoiiis. .1 pi<igies<-mn iil bamis lietsMin 11 X 0 ml l.l.')i) im’^ Ii.is lieiii 
ob-served. This piiignssion is tliaim Leiized In llu uuilmmitj ol ilislunees 
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and inktibilies. (IV bands do not occur in solution [26J). Laurinic acid 
(Cw) shows three huuds in this region. The lower frequency band occurs at 
1195 cm'^ llcncicosaiioie and (Cu) shous nine bands, the first occurring 
at 1181 cnr^. The progressive increase in bands in saturated acids wi^ 
12~21 carbon atoms is shown in Fig. 11-17 [26]. Characteristic features 
have tilsn been noticed in lower acids [25]. 

In Cjg— Cjg, the number ol bands seems to iucri'use by one fur each CHg 
group. Because tlie higher Irequency region overlaps with the C— 0 stret- 
ching vibration region (very strong absorptions), the limit of the progression is not 
easy to determine. Assignments are the same as in alkanes: coupling between 
twisting (1) and wagging (w) vibrations of the adjacent methylene groups. 
On chain siibstitutioii, the regulai jiatlern of the bauds disappears. In elaidic 
acid, with a frans configuration, the two .saturated parts of the chain behave 
somewhat independently and the spectrum is similar to that ui lauric acid 
(26]. 

d, Acids brouched iu the oc-posilion. SaturaliMl larboxylic acids braii- 
ched in the a-positiuii do not show the strong ireqnencs at 1110 enr^ cha- 
raeWrisLic for the Cllg group adjacent to the rarhoxyl. The strong liaiid at 
1285 enr^ occurring in iioiibranched acids at 1282 enr’ is lousidered charar- 
toristic in this lasc. 

In meth) IhcvinuK anti methyloclanuic acids liraiiehcd in the 2-. 8-, 1-, 
and o-positioiis, the Irequeiuv decreases Irom 1235 to 1210 iiir^ Tin posi- 
lion of this hand was correlated with chain branching |.‘ilj. 

U.UNSATUIUTED ACIUS WITH DOl ULL IIUNDS 

1 . a,p-Uiu»aluruted acids 

a. vC= 0 vibrnlioii. Tin mean Inqiiencs ol Hu v(.0 slivlihing sibi.i- 
tioii in a,^-unsatiirnted auds It (.11-^ Oil- COOH is IbOU inf' in the dimer 
and 1718 cin~^ in the moiiumir (ililuti* solution in CSg or Ctlg) [I'lJ. Acrylic 
and metacrslic acids absorb at 1705 and 1700 cm"', respectiveh I'J] and the 
higher members, in the raiigi Ui'JO 1700 rm"'. 

The decn use in In qiieui s . el . 1 lie ( uriespuiul mg satura U'll acids, is In eiuise 
ot conjugation ol the double bond witli the carbuMl group. 

In a,[l-unsaturuLe(l acids, the ioric (OiisLanl ol the C— 0 bund is allieU'd 
oil one hand liy the 1 elleri oi the double bond and on the utlier hand 
hy Ihe loiijugative eflect ailing in the opposite ilireclioii. 

The / eftert tends to 111 ! reuse the C- 0 luuiil oiiUr, whereas the eonjii- 
gotne eltect tends to lower it (VVf/). The preiloniinalioii ol the (onjugative 
effect can be seen Irani the low ariditv roiistiml |11], cl. a pure / elleit 
(see Haiogeiiateil Anils). 

In croLoilii ami (J 47 ) Llie / ellriL ut the iiullisl giolip eiiliuiices the 
iiiiijugaliM' illeil, leiliKing still tiiillier the (, () boiiil oiilei. The vCO lie- 
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({OAHty (l^orcascft accordinj;!}'. In Ira/w-ciuiiHinic acid the ctrongi'r conjitga^ 
tlon Imrs the frequency to 1680 cnr» (9] (Table IMC7). 



Table II 167 (.luiriirlrrl<iti(> Irrquriicini (rm"^) in a,Piiiiin(nnlri iirldfi 


Anil 

vCOfin CCl 4 > 

v(. L (inCCIi) 

Oulmf-plane CH detoroM- 
Uui (in CS,) 

front rfs 

CH,- CH - coon 

CII,.«C(Liy- COOH 

170o» 

1700* 



- 

cit,-cn=^ cn-cooii (iruiw) 

tb04 

1G51 

970 

— 

CH,-CH=ClI-COOH (CM) 

\m 

16;i9 


616 

CH,-(Cfl CII),- GOOIl 

1702 

16:19, loia 

996 

- 

CH»-(CH-Cir),^ COOil 
(ris-froruf) 


1027, 1601 

n'lo, o'li 


OI3 (CTI- CM), -(,0011 
(fran£-rih) 

1087 

lb 111. IbOO 

OIKi, 958 

837 

CH,-(Cn=-Ul)a COOII 
(rf$-rfe) 

1«<9I 

1620, 151)8 


829 

c:|llfi-cn CM -(',0011 Urans) 

CIl - CH-COOH(cm) 

1B80** 

1702 t700*** 




UUCII- COOH (Ira/iA) 

lOto’*** 


980 


CifiHa, - Cl l« CM- COOI 1 (cis) 


1643 


825 


* Liquid. 

** 1099 cm ' [12|. 1712 iii dioxani [9|. 

H21. 

**** [43]. 

In tii^~ltans isomer'' small dilfereiices m Irequeney are obsers'ed (Table 
IT-167). They are larger in ciiinamie aeiils. 

c,ii,-c— n c,ii,-c~ii 

I 'I 

ll-(r COOlf IIOOC-C— Jl 

{4 lb) (4tH) 

1 14 -Forms (44!)) absorb at 1702. 1707, ami 170'.) cm'* ami liam-loms 
(44S) absorb at 1609 enr* 1121. The phenomenon is jmrliallv allribiitnble 
to a .secondary steric elferl 111] resulliiig in the disa])j)earaiioe ol conjugation 
in CIS i.somer.'I^ because of dislorlion ol the carboxyl group oul ol the plane 
of the double bond. This interpretation is in line isith the higher acidity 
of ci.v-a,p-uii.saturated acids, cl. the tram isomeis. 

In higher alijihalic a,p-uiisaturat»'d acids, the vl.O Ireqiienes lies in the 
range 1692-1701) cm"* for both slereo isomers 11.1, 11]. 

On extension of the conjugated system the AvCO increment for each 
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odditionat double bond becomes smalJer. The phenomenon is similar to that 
in Ki^-unsaturatcd cnrbunyl compounds (see Polyenio Aldehydes). Table 
II>167 includes vCO and vC^C frequencies of some «,p-unsaturated aliphatic 
acids with several double bonds |45]. 

Oicarboxylic unsalurated acids 'with the two carboxyl groups directly 
attached to the double bond show higher vCO frequencies for cis forms than 
for irons isomers. Maleic acid {^60) absorbs at 1705 cm~^, and fumaric acid 
{451), at 1080 enr^ |9]. 

11— c— cooil iiooc— C— II 

I' II 

II— c-cooii ii-G-coon 

( 460 ) ( 161 ) 

The equilibrium constant varies in tlie same direction. At 25'’C it is 
9.5x Kr* for fumarie acid and I42x ]0~* for maleic acid |40]. (The same dif- 
ferences in frequenry are observed both in nitriles and esters of x.^-unsaturated 
dicarboxylic acids). 

b. vG=C vibmtion. In K.^-uiisatiiraled acids, the frequency and the inten- 
sity of the vC— C band are used for the identification ol the position and 
steric configuration of the double bond with respect to the rarhnxyl group. 

Acids with ail a.^-double bond show a single vG— C band at IGIIO— 1600 
cm~^. The number of bauds is larger in compounds with conjugated double 
bonds (Table 11-167). /ranr-Isomers have higher frequencies than ris isomers 
(by 10—20 cin~’). This fact has been used in assignments of configuration 
in a number of K,p-uiisaturated acids [i;i, 15] (Table 11-167). 

c. GH (Mormation vibration. The Ireqiiency oJ llie uut-ol-plane CII 
deformation mode, characteristic for alkones is 070 -*.190 rnr^ in irons isomers 
and ca. 820 cm~i in cts isomers |45]. 

In trans-2-ocladecanoir arid, the oul-of-plaiie dernrmalion baud oerurs 
at 980 cm'~^ in the solid state and at 860 rnr^ in the liquid stale. The cis 
isomer absorbs at 825 rm~^ 1 13). 

2. Unaaturated acids 'wiUi isolated double braids 

Infrared spectra of unsaturated acids with isolated double bonds show 
the characteristics of the two luiicLioiial groups. We limit uur discussion 
to some problems connected w'ith fatty acids because of their great practical 
value. 

Frequenries arising from the carboxyl grou]) are esseiitially the same as in 
saturated alkyl carboxylic acids and have been discus.sed above (vCO=r1710dr 
10 cm“^). 

The hydrocarbon group shows characteristic frequencies of C, Clfj, 
CH„ and Cir.j GOOFI groups. 

a. vC-«G vibration. In ru>alkenes this Mhriitutn gisi-s use Ln a went 
absorption at 1660 em**^. In l/ons isomers the band is exLreiuely weak or 
does not occur at all. Of the two isomeric aculs with 18 carbon atoms and 
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a doobJo bond in tbe middle of the chain, only the w i&Omer (oleic acid 
4SB) Bhows the vCasC abBofption. The frofw isomer (elaidic acid 453) does not 
show any absorption in this region t 


CiyCH,)r-C-H CH,(CH,)r-C-H 

HOOC(CHt),^C->H 11 — C-(CII,)t~CO(>H 

(«*) («<) 


On comparing spectra of 
Cu acids with one, two, and 
three double bonds (elaidic, 
oleic, linoleic and linolenic) 
(Pig. 11-95) an increase in band 
intensity with the number of 
double bonds is observed. Po- 
sition and intensity of this baud 
point out the following config- 
urations: CIS for oleic acid 
(452), cis-cis for linoleic acid 
(ddd), and for lino- 

lenic acid [i;i, 47]. 

HoM'ever, this absorption 
is not suitable for anal^icul 
purposes berause of superimpo- 
sition with the very strong ab- 
sorption of the C=0 bund. 
More suitable fur the identifi- 
cation of ds‘tians isomerism 
i.s the band arising from the oul- 
of plane CH deformation vibra- 
tion in the 960 cm~‘’ region. 

b. GH vihratiooB. Both 
stretching and deformation 
modes are of value in investi- 
gating the nature of uiisaliira- 
tion. Saturated and unsatura- 
ted vCH bands can be used to 
determine the number of dou- 
ble bonds, i.e., the degree 
oi unsaturation. Deformation 
bands are also used to establish 
cis-irans isomerism. 


m m 



woo 1600 


Elaidic acid (4S3) 
CH,(CH,),CI1- 
r.ll(CH,VCOOH (Irani) 


Oleic acid (4Se) 
CH,(CH,),CH= 
r.H(CH,),COOH (Ml) 


Linoleic acid (454) 
CIlf(CH,)tCU~ CHCII,CU« 
CH(CI1,),C001I 


Linolenic acid {455J 

cii,cn,cH.= CHCH,cn»^ 
CHCHyCII- CIi(Cn,),COOH 


fVrarliidonic anil (45«) 
CHj(CH,)4(CII=- 

cn-cii,)4CH,r.u,cooH 


Fig. II-B3 vC»C baud in unsaturnted fatty 
acidi. 


1. Slretrhing vibrations. In the vClI stretching vibration region, unsatu- 
rnled acids are rharacterized by vibration ol the alkenic — C-H bond, giving 
rise to absorptions above SOUO enr^ and by stretching vibrations of CH* and 
CHj from the saturated part of the chain. In ris isomers of Cj, fatty acids. 
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(oleic, linoleic, and linolenic) the sCH stretching mode gives i. • lo a band 
at 302N) cm*^ The intensity of this band increases vith the number of double 
bonds [43]. The increase in intensity of the =CI1 absorption is accompanied 
by a decrease in inten.sity of the CH) absorptions (2920 und 2850 cm*^) and 
of the terminal ClI, absorptions (2920 and 2870 cm"^). Relative intensity 
variations of v=C— II and vCIIg banrls are used for the determination of 
the degree of uiisaturatioii in acids [43]. 

If O.D (A) is the optical density of Ihe 3020 enr' band and O.D (£) 
that of the 2920 cm~^ band, on plotting Ihc ratio 

O.D(B) 

O.D (B)- O.D (4) 


against the number ol double bunds, a .straight line m obtained in the ease of 
Cjg acids with one to three double bonds (Fig. 11-90). 



U 1 2 d ^ 


Doubit bonds 

Fig. 11-96 Vuiialion ol optical dciuily with the 
number of double bonds munsaturated tatty acids. 

Eluidic acid (the Umt isomer) ubsorJis 
in the vClI region at 2095, 3015. und 
.3U30 ciir’. Itdoc.s not fall on the line. 

2. C—Il ilffoimation pibiaiiom*. Out- 
ul-plane C- 1 1 deformation vibrations of 
the CH= Gil -group are the most charac- 
teristic ones both fur determining ris-frans 
isomerism (see Alkenes) and the degree 
of uiisatura I ton. Absorptions of Irons Lso- 



Fig. 11-97 Infrared spectra of esters of 
stearic, claldic, and oirlc acids in the CII 
deformation mode region. 


mers correspond 1o those of Irons disubstituLed ethylene.s (9G5— 975 cm“^). 
cislsoiiieis ha\e absorptions ol variable frequency at ea. 690 enr^. Figure 
11-97 shows the CII deformation region in oleic, eluidic, and stearic acids, 
It can be seen that only elaidie acid (fram)has an absorption at 9C0 cm~*. 
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The utilizetion of the traiu SGH band for anslyticnl purposes in tiie deter* 
mination of frons double bonds is more accurate than current chemical methods 
f47]. The method is widely used to study geometrical isomerism in ^11 fatty 
acids with multiple double bonds [17, 48—51]. In stereoisomeric linoleic 
acids, the irans-irans isomer absorbs at 988 cm~^. Hie cis-irans isomer shows 
two bands: a strong one at 982 cm"^ and a medium one at 050 cm~^. The 
cis-cis isomer has a very weak absorption at 91.3 cm"^ [51]. 

In a-elcostearic (0-ci's-ll-/rans-13 trans octndecatrienoir) arid (457) with 
conjugated double bonds 

CH,(CH,)iCH^CH— CH»CH— CH CH— (CH,),— COOH 
(# 57 ) 

the CII deformation band is three times stronger than in elaidic acid [50]. This 
band enables the quantitative determination of .stereoisomers in a mixture, 
using pure isomers as standards [52, 53]. 

Some of the most important current practical applications are control of hy- 
drogenation of vegetable oils, control of oxidation, and autooxidation of fats. In 
the latter processes the 3500 (vOH) region is of special value [47, 54, 55]. 

C. UNSATURATED ACIDS WITH TRIPLE BONDS 

111 arclyleiiic acids with an «,p-triplr bond, the vCO frequency is lower 
than in acids with a double bond in the same position. In most cases the 
absorption occurs between 1680 and 1690 cm"’. In dicarboxylic acids the 
absorption is slightly Jiigher. For example, acetylene dicarboxylic acid absorbs 
at 1700 cm-i (45). 

The decrease in vCO frequency in acetylenic acids cannot be explained by 
the— I effect of the cthynyl group(which should increase the frequency). Neither 
can it be explained by a conjugative effect, which in this rase is weaker. It 
has to be related to the stronger s-charactrr of the z=C— COOH bond as a result 
of the sp hydridization of the acetylenic carbon atom. 

The extension of the conjugated triple bonds system does not result in a 
progressive rlerrease in frequency (Tabic 11-168). If the triple bond is isolated 
from the carboxyl group, the vGO frequency has the same value as in saturated 
compounds. 


Tablf IJ-lbS GhanetwliUe Irsqaenelei in neiSi wiili triple bonds* [451 


Acid 

vC = 

G 

vC«0 

vG-G 

CH,-C=C-COOH 

C(I^-C=C-COOH 

2246 in 
2258 m 

2140 w 

1664 

1690 


CH,-(G=C),-COOH 

2270 

2180 

1688 


CH,-(C^C),-COOH 

2210 s 

2135 

1694 


C,ll,(C=C),-COOIl 

2200 8 

2130 

1684 


HC=C- (Bl,-CsC-COOIl 

2248 

2215 

1693 


HOOC-C=C-COOH 

- 

— 

1700 


(J1,-CH« CH-CE.C-C0011 
irons 

2224 i 

2190 8 

J667 

16188 

CIIj-Cli-.CH-C=C- COOH 
els 

221Bm 


1692 

1615 


* In carbon tclmchloride. 
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vGsG vibniiionB. ConjugHtion results in a rise in intensity of the vCbC 
band, as in the ease of acetylenic hydrocarbons [45]. The bands occur at 2235— 
2260 cm*'^ in compounds with a single triple bond and at 2200—2270 cm**^ in 
polyacetylenrs with two or three triple bonds. In the centrosymmetric acetyle* 
nedicarboxylic acid, the vGsG absorption does not occur. 


D. AROMATIC ACIDS 


a. C—Ostretdiiiig vibration. Gonjugaiion of the carboxyl group with the 
aromatic ring results in a larger decrease in vGO and vOH frequencies than in 
a, p-unsaturated acids, Depending on experimental conditions, absorptions of 
either the monomeric or the dimeric carboxyl group can be determined |!), 56). 
In benzoic acid, the vCO absorption of the monomeric form (dilute solution in 
carbon tetrachloride) occurs at 1744 cnr^. Under the same conditions the 
dimeric form absorbs at 1607 cm“*. The frequency is sensitive to the nature 
of the solvent, and small differences are observed in various rceordings. In 
general, in mela- and para-substituted benzoic acids, the vGO frequencies of 
monomeric forms lie iii the range 1737—1752 cm"' and tho.se of the dimers occur 
at 1600— 1709 cm"' [50]. Frequencies vary with the nature of the suhstitiieiiL. 
They decrease in molecules witli electron-releasing substituents, due to their 
strong H E effect, increasing the electron density at the earboii atom of the 
GOOH group. In the case of substituents lowering the electron density at the 
same atom (— / and— £ effects) the frequencies iucrea.se. In many .substituted 
aromatic acids, a linear relationship has been observed between the frequency 
ofthevGO (and vOH) frequency of the monomeric or dimeric carboxyl gioup 
and the effect of substituents expressed by Hammett- a values [57, 58). In 
benzoic acids substituted in the parn-position with groups with negative 
Hammett-a values (NRg, OCIIg, Gllg), the lowest frequency is observed in 
compounds with the largest negative d-value (NHj). Fur positive values the 
frequency increases proportionally (Table 11-169) [59] 

The same parallelism 


Table II~1S9 nrlaiioniihlp betnera Irrqueurjr (rni ’) and 
HamnialUo von&tanlii In Huhhlllntrd brazolr adds 

vr,=o 


Substituent 

Monuinur in ClliOII 

Dlnier in CQ4 

llummett-o 

P-NH. 

1690 

— 

-0.660 

p-OCH, 

1695 

1691 

-0.268 

p-CH, 

1700 

1693 

-0.170 

H 

1705 

1696 

0.0 

p-Br 

1710 

1608 

+0.232 

p-Cl 

1713 

1690 

+0.227 

m-CI 

1715 

1701 

+0.373 

m-NO, 

1723 

1705 

+0.710 

p-NO, 

1720 

1707 

+0.778 


logenobeiizoic acids show two absorptions for the 
dimer has a single band (Table 11-170). 


has been observed betwe- 
en the vOH frequency and 
the dissociation constant 
of the monomeric acid [2]. 

orf/io-Substituted com- 
pounds show a special be- 
haviour due to interacti- 
ons between the two adja- 
cent substituents. o-To- 
luic, o-nitrobenzoic, and 
o-acetoxybenzoic acids 
have a single vGO absorp- 
tion . o-Methoxy- and o-ha- 
monomeric carboxyl. The 
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In monomeric (Hmethoxybenxoic acid, the doubling of band is attributable 
to the intramolecularly bonded form {460), corxiBting with molecules with 
free carboxyl groups {468) or (d59). Conformation (ddd) is assigned the lower 
frequency (1751 cm"*). It has the highest intensity. Form {459) or {48S) 


TttbU II‘iro aniaeletlitle frcqwMlM (W^) In snlsiltBtei 
kemole mISb [56] 


Siibitltuent 

BConomer* 

vGO 

Dimer* 

vGO 

vOH 

iiwla N(CH,), 

1740 

1603 

3541 

OGH, 

1741 

1608 

3539 

GH| 

1742 

1608 

3540 

— 

1744 

1607 

3540 

Hal (mean) 

1748 

1703 

3535 

NO| 

1752 

1709 

3530 

para OGH, 

1737 

1601 

3542 

GH, 

1740 

1697 

3541 

Hal (mean) 

1745 

1698 

3.53B 

NO, 

1752 

1707 

3529 

ortho OGH, 

1751, 1760** 

1702*** 

3565 

CH, 

1742 

1606 

3538 

Hal (mean) 

1756, 1738 

1708 

3527 

NO, 

1760 

1715 

3520 

OGOGH, 

1747 

1702 

3532 


* Solution in CCI4. 

** .Shoulder. 

*** Very weak abtoiptlon. 


gives rise to a weak absorption, occurring as a shoulder at 1760 cm~^. The 
dimer, with structure {461), absorbs at 1702 cm~^. This interpretation, based in 
intensity variations with solvent and on analogy with oter molecules showing 
an or<Ao>effect is preferred to the interpretation based on a Fermi resonance 
(by analogy with some ketones) [60, 61]. 


II 


0 . 0 

/ 


II, CO 


T' 

V 

(««) 


11, CO 


c 


\/\ 

(VJ»J 


/% / 

II c 


11, CO 


(m) 


OCll, 

0 

0—11 



ii-o 



n,co 


(##j) 


b. Other charaeteriatie frequencies of the carboxyl group. Substituted 
benzoir acids show characteristic absorptions at 1410—1435 rm~^ and 915— 
935 cm"^ assigned to the coupling of the Oil deformation mode with the C— 0 
stretching mode. In benzoic acid these vibrations give rise to absorptions at 
1420 and 935 cm~^ The absorption at 1280—1300 cm~^ (in benzoic acid, at 
1287 cm"^) is considered characteristic of the dimeric forms [9, 28, 32]. 
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Naphtiulene carboxylic acids absorb at 1 118 and 893 cm*^ (x-isomer) and 
1427 and 943 cm”' (^-isomer) [9, 32]. 


E. THE CARBOXYLATE ION 


Isovalent conjugation {462a, 462b) in tbe carboxylate ion results in a 
uniform partition of electrons between the three atoms (462). The two bond 
orders are equal, as well as the interatomic distances (1.27 A). These distances 
are intermediate between the length of a simple C—0 bond and a C— 0 double 
bond. Consequently, the frequencies of these bonds arc exported to have inter- 
mediate values between vC=0 and vC— 0. The— COO” group (carboxylate ion) 
has an asymmetric stretching vibration with a fn^queucy lying in the range 



0 - 




(4eea) (mb) 

1550— 1610 cm”' and a symmetric stretching vibration with frequencies between 
1300 and 1 100 cm”'. The identification of the symmetric vibration is rather 
difficult, because of the large number of bands occurring in this region {Oilje 
When carboxylic acids are converted to alkaline salts, the four bands of th . 
carboxyl group vanish, being replaced by the two bands ot the COO” group . 
The intensity of the band arising from the asymmetric vibration is about 
three times greater Ilian in free acids because of the more polar characler of this 
group [30]. The transformation of acids to salts is advantageous, allowing, 
among other things, the more accurate identification of OI vibrations, obscured 
in the ca.se of dimeric acids. 

Table 11-171 shows frequencies arising from the asymmetric stretching 
mode of the —COO” group in sodium salts of various aliphatic mono- and 
dicarboxylie acids (in KBr) [30]. 


Table II-IH Aayiumelrle slrrtrhlng vlhrallon (rni~’) 
In the rorlwxjrlatp ton* [.'iO] 


Mooocarboxyllc 

acid 

^asyiii 

T)lcarbDxyllc 

acid 

''asyni 

Acetic 

1578 

Oxalic 

1616 

Propionic 

1571 

Maionir 

J505 

Butyric 

1565 

Succinic 

1575 

Valeric 

1569 

Glutaric 

1577 



Adipic 

1576 



Pimelic 

1580 


* In KBr. 


The symmetric vibration occurring at cr. 1400 cm”' is not characteristic. 
The nature of the hydrocarbon group increases or decreases this frequency 
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throagh an inductive or conjugative effect. Sodium benzoate shows the ahsorp" 
tions of the rarboxylatc ion nt 1519 and 1415 cm~^ [04]. Along with these, 
only chararteristic absorptions of the monosub.stituted benzene ring occur in 
the spectrum (3060, 1509, 714, and 073 cm**^). In ring>snbstituted benzoates, 
the frecjuency varie.s with the nature of the substituent. Here too, a linear 
relationship between frequency and the llommctt-ir eonstaiit has been observed. 
The nature of the cation affects the frequency very little. In this regard, it 
hns been .shown that there is a linear relationship between the electronegativity 
of the mono- or disalent cation and the asymmetrie frequency of Ihe carboxy- 
Inte ion [65— 07]. 

Confirmnlion of the assignments of the COOII, GOOD, and COO“ bands 
[68] has been niorle by ol>servation of their appearanre and disappearance in 
acidic (IICl. DGl) and basic (NaOH, NaOD) media. 

K. S U D S '1 1 T I' T E n CARBOXYLIC A C I O 5» 

I. Halogenatod acids 
a. Aliplinlie aculs. 

1. vGO vibiation. The vC-0 Ireqnenry in halogenaled acids depends 
on (he posit ion nl the halogen atom. In K-halogenated compounds, the 
vCO freqiieniy is higher than in the lorresponding unsubstituted acids. 
This IS iittnbiil.’ilileto the—/ cllerlol the eleitiouegnthe halogen atom, n'sul- 
ling in a shift ol i lei lions as in (^6’). In sndi .structures the C--0 bond order 
(and fiequein v) use: eoinerely, the O-Il bond becomes weaker and the vOH 
frequeiiry decreases. The decrease in frequency parallels the rise in acidity 
rnuslaiit. There is a linear relntinnship between AvOH and pK^ [69]. It is 
well known that the inten.sity of the inductive effect falls along the chain. 
Consequently, in halogenated neids w’ith the halogen atom in a more remote 
position, the frequency reluriis to nornml; for example, p-chloropropionic 
acid and 9-l)romosteanc acid absorb at 1710 cm~^ [26]. However, a-chloropropi- 
onir acid absorbs at 17.‘H) era”*^ [9], 


( f) II 

(«,!) 

In a-halogeiioacetic acids successive 
replaremriiL ol a-hydrogen atoms by halo- 
gens results in a progressive increase in 
frequeiiry for each additional halogen. Tlie 
effect is cumulative [69—71] (Table II- 
172). The aridity rise.s in the same direction. 

Similar variations in Ircquency also take place in the vapor phase (mono- 
meric carboxyl). Monochloroacctic arid absorbs at 1791 cm~^ 10 cm~^ higher 
than acetic acid (1785 cm~i) . 


Tablt 11-172 vCO frrqnanelM (riii~’) 
In ac-lialog<>nM«>etle aelds (60J 


AcJd 

vCD DlBwelatlon 

(In GC1«) eoiiBtaot‘l(F 

CIl,COOII 

1721 

l.BO 

icn,-cooii 

1721 

74 

BiCHg-COOlI 

17»0 

138 

rjCJl,-LOOH 

1730 

155 

CI,C11- coon 

J751 

5000 

CljC-COOH 

1761 

mm 

F.c-coon 

1776 

-- 
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The largest shifts are observed in fluoro acids (with the most electronegB> 
tive halogen atom). Trifluoroacetic acid absorbs at 1843 cmT^ in the vapor 
phase (monomer), at 1781 cm~^ in solution or cold vapors, and at 1776 cm*"^ 
in the liquid state (Table IM73) [71]. 


Table IJ-173 vCO aii4 vOH IMaaeiiriM (ein*'’)tai ttaonsMtle aelUi [71] 


Fluoroafistlc 

add 


Monomer 



Dimer 


vGsO 

vOH 

vC 

»0 


vOH 

Hot YBpor 

Solution 

Hot YBpor 

Solution 

Liiiuld 

Llunid 

Vapor 

F^-GOOH 

1843 

3498 

3587 

1781 

1776 

3280 

3141-3150 

F,CH-COOH 

1615 

3520 

3587 

1751 

1739 

3240 

3100-3180 

PCH,-COOH 

1806 

3520 

3587 

1737 

1729 

3310 

3120-3140 


The coexistence of conformational isomers is apparent from the increased 
number of bands. In monomeric fluoroacetie acid, bands at 180G and 1783 cm~‘ 
were assigned to anti (irons) mid staggered syii isomers [72, 73]. 

2. vO/f Vibrations, In the monomeric arid, vOH absorptions occur lietween 
cu. 3500 and 3600 cm~^ (Table 11-173). 

In fluoroacetic acid (hot vapors), the free vOH absorption occurs at 
3587 cm''^ [72, 74], In dilute carbon tetrachloride solution, the frequency 
decreases to 3498 cm~^ [75]. In the liquid slate a very broad hand occurs bet- 
ween 3100 and 3300 cm~^. In general, the vOH frequency in halogenaled acids 
is lower than in the corresponding saturated acids; for example, trichloroacetic 
acid absorbs at 3504 cm~^ and acetic acid at 3533 cm~i. 

b. Aromatic acids. mefa-Halogenobenzoic acids have slightly higher 
vCO frequencies than benzoic acid. In para isomers —I and 4 £ effects cancel 
each other, and the frequency returns to normal (Table 11-174). 

In orfAo-halogenobenzoic acids, a doubling of the vCO band is observed 
(in monomers). The first component of the doublet has a slightly lower frequency 
than in benzoic acid, whereas the second component has an appreciably higher 
frequency. The distance between the components is constant (ca. 17 cm~^) 
in all o-halogenated acids. However, the relative intensity of the two bands 
varies with the nature of the halogen atom [56]. Table 11-175 shows frequencies 
and apparent extinction coefficients (e^")) of vCO absorptions in o-F, o-Cl. 
o-Br, and o-l benzoicacids in carbon tetrachloride solution (0.0015 M). 

Band shapes are seen in Fig. 11-98. 

Absorptions with frequencies at ca. 1736 cm"^ were assigned to conforma- 
tion (46d) and those at 1755 cm~i to conformation (485). 

It is assumed that the dimer has conformation (487). Av monomer-dimer is 
approximately 45 cm~^. A conformation with intramolecular (chelate type 
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Table 11-174 vCO in4 vOH (enr*) 

In hnbinwkeiiwk m14i* (66] 


Halofen 

Moncttier** 

Dimer** 

vGO 

vCO 

«OH 

Bwta F 

171H 

ITO.*! 

n.isii 

Ci 

1748 

17(t;i 

3535 

Ur 

1748 

1703 

3535 

para V 

174:1 

1G9() 

3538 

GJ 

1745 

1008 

3530 

Ur 

1745 

1008 

3536 

orthft V 

1 Trie'S, 178(4 

1707 

3520 

G1 

1750, ]7.4« 

170(1 

3527 

Ur 

1757, 1788 

1711 

3528 

1 

1753, 1736*** 

1708 

35r3U 


* Benzoic acid vCOac 1744 cm“* (monomer) ; 1607 cm“i (d Imer) ; 

vOHa3540 cm-*. 

** Solution in CCii. 

Shoulder. 


bonds) is considered unlikely because of unique vOH 

bands at ca, 3528 cm~^, corresponding to a free OH, 



(464) 




\s / 

0 1 

/ \/' 

H C 

c 

\A 

II ) 

X 1 

Yt 

II ( 

\/ 

Ny 

(¥Cf) 

(488) 

0 H-0 



/ \ 

C I- — V 

\ >- 

0 — II o ^ 

[487) 


6-Chlorosalicylic acid, where the C=0 group forms 
a chelate bond with the phenolic hydroxyl, shows two 
bands: 3508 cm~^ (free hydroxyl of the COOH group) 
and 3431 cm~^ (bonded hydroxyl) [56, 76]. 


CO,H ' 

(V- 



Fig. 11-08 infrared spec- 
tra of o-halogenobonzolc 
acids in the C»0 stret- 
ebing vibration region. 
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Tablf IhllS vCO frrquewiN ani latumltlM la o«feakif|aa*kaiMle uida 


Hnlonan P Q Br I 


vCO(eni-i) 1765 1730 1766 1738 175? 1738 1753 1736* 

((«) 155 220 300 (105) 200 (05) 230 (00) 

* Shouldrr; In brackets, estimated values. 

2. Hydroxy acids 

The —I cftect ol the hydroxyl group in the x-position of aliphatic acids 
results in an inrrease in C=0 fretjuenry; for example, lactic acid absorbs at 
1725 enr^ [9], Because of the possibility of inter- and intramolecular hydrogen 
bonding when the two groups arc in adeguate positions, infrared spectra of 
hydroxy acids represent molecular .species resulting from interactions between 
the hydroxyl and carboxyl groups. 

In the case of aromatic acids dtsub.stituted in adjacent positions, large shifts 
toward lower frequencies are characteristic. Formation of iiilramoleciilar hydro- 
gen bonds .stabilized by a chelate conjugation re.sults in a decrease in vC- 0 
frequency to IbSO— 1080 cm~‘. Salicylic acid (^SA), lor example, absnihs at 
ll)()5 cin“* 111 the solid state and at KiSl) cin~^ in dioxnne solution; in 3-hydroxy- 
naphthalene-2-rarboxylic acid (169). the frequency is 35 cm”' bnser than 
in naphtha|ene-2-carboxvlic acid {470) [9|. 



fw WO} uni 


A 0.0015 M solution of salicylic acid in carbon tetrachloride absorbs at 
1 698 cm~^ (chelated monomer) and at 1663 cm~^ (dimer). The distance between 
the two absorptions is ,35 enr', significantly .smaller than in nonchelated acids 
(Av-=15 cin~'). Ether solutions of salicylic acid show only absorptions arising 
from form {471), where the OH group is nssociati'd with ether molecules. The 
vCO frequency decrea.ses to 1679 cm”^ (AvC()--16 cni"^), corresponding to the 
shift in benzoic acid (Av - I8cm~^) |56, 76]. Under these conditions the chelate 
ring does not open. Substituents in the .3- and 6-positions, adjacent to the che- 
late ring, affect the CO frequency. In substituted nlkylsalicyiic acids a paral- 
lelism has been obsersTd betsi'ccn frequency shifts and size of the 8ub.stituent 
in the B-position (Table II-17C). 

The highest frequency is observed in 3-alkylsulicylir acid and is due to 
the inductive effect of the methyl group. Bulkier alkyl groups (3-and6-(-butyl 
derivatives) cause an appreciable decrease in frequency, sterically favoring 
chelate conjugation (shortening of the OH.vO distance)* 
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The vOH frequency in nonbonded salicylic acids occurs at 
It is independent of alkyl substitueiils in the 3-. 4- and 5* pusilions but decree* 
aes to 3613—3519 cin“^ in 6-alkyl derivatives [76, 77 J. 


Table 11-110 vGO Md vOU freqnenplM (em'*) In alkyinllryllp nolda 


Subitltuent 

vC-O* 


vOH 

MtnoniBr 

vGO (In vtli«r) 

Monomer 

Dlmei 

(H) 

mm 

H 

I 

■pM 

»-Meihyl 


DlH 



S-f.Buty] 

1601 

Ifh'i? 



O-Melhyl 

1686 

1650 

3517 

1667 (1660)* 

3-Methy]-e-lsopropyl 

1677 

1640 

3514 

1657 


* In dilute carbon tctrachloridp solution. 


Hydroxy acids with the 0?I group in the y- uc 3-pusitions form lactones. 
In these eases the vCO frequency corresponds to the lactone ring (see Lactones). 

3. oc-Koto acids 

Spectra ol a-keto acids show an increase in vC=0 frequency both in the 
carlionvl and the carhowl group because of the - / effect of these functions. 

Depending on experimental conditions, the spectra .show hands arising 
cither Ironi the monomeric or the dimenc carboxyl [78, 79] (Table 11-177). 

Tablt 11-171 ClunietoriBtlr IrrqneneiN In o-keto aelds [7BJ 


Solution in CQ, 


Arid 

vC-O 

dimer 

vC-0 

monomer 

vOH 

vC»0 

dimer 

CHjCO- COOH 

1725 

1790 

3430 

1725 

cHjCiijCO-cooH 

1724 

1788 

3428 

1730 

®>cii-co^coon 

CIIj/ 

1717 

1786 

3425 

1730 


In phenvl pyruvic acid, eiiolization results in a more complicated spectrum. 
The carbonyl vCO hand vanishes and an absorption at 1717 cm~^ occurs instead, 
assigned to the carboxvl group of the a.^-unsaturated acid. 

C,H,-CII|-CO-COOIl ^ CiIIi-CH-C-COOH 

OH 

The OH group in the monomeric carboxyl absorbs .it ca. 3430 cm*^. The 
frequency is lower than in saturated acids. This parallels the rise in vCO fre- 
quency as a result of the —I effect of the CO group. 

The same effect is observed in x-halngenoacids. 

if^’Keloaeids - see Esters). 
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4. Y^Keto wiib 

In intpipreting spectra of y-keto acids, the possibility of ring-chain tauto- 
merlsm (47S^47S) has to be taken in account. 



In keto form {472), vC=0 frequencies of the carbonyl and carboxyl groups 
are those of the corresponding monofunctional derivatives. Infrared spertra 
shovr two vC=0 absorptions [15, 80—83], 

The hydroxylactonic form (lactol) shows a single vCO absorption rorres- 
ponding to the y-luctonie ring {47S). The absorptions of the carboxyl group 
disappear, being replaced by absorption of the alcoholic hydroxyl [17], 

Absorptions for o-phthalaldehydir acid {474) and its esters {476, 477) are 
indicated on the structures. 

In hydroxylactone {475), the vGO frequency is close to tiiat of phthalide 
{47 S). Its methyl ester {476) absorbs at much higher frequencies than the ester 
of the carbonyl form {477). 


mo 

I 

O-H 



II-*- im 
0 

{474) (474) 


OCH, 

/ 

CH 



II-*- 1700 
O 


(470) 


CHO (I70<,) 


COOCllj (/r»i) 



(477) 


(470) 
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Phtiialoaic acid (dTS) (a-and y'kfto acid) dhows two v€0 bands 1765 and 
1725 cm”*. The vOH frequency is 3472 cm'*. 


a 


CO-COOH 


(4Tf) 


COOH 


Acetophenone>o-rarboxylic acid shows a band iu tbe vCO region (1732 cm'*) 
and another one in the vOII region (3205 cm~*), rorresponding to a hydroxy- 
lactonic structure. 

In benail-o-carboxylic acid, tlie keto form (480) and the hydroxylactonic 
form (J8J) absorb at different frequenries. The keto form shows carbonyl bands 
nnd aromatic carboxyl bands, very rlo.se lo each other. In the hydroxylactonic 
form (48 J) one band corre.sponds to the aromatic carbonyl group (1692 cm'*) 
and the other with a much higher frequenry, corresponds to the €^=0 group in 
hydroxylactonc (174.'> cm'*) [15], 


0 0 



iiouc 


vCO, cm"* Ili'iS 
1663 


O OH 



IBSU (ketone) 
1745 (lactone) 
(«/) 


0 0 



H|COOC 


1680 (ketone) 
1713 (ester) 
(««) 


In the phthalide senes, vCO frequencies lie m the range 1740—1770 cm'*, 
sshereas aromatic esters absorb at 1710—1730 cm”* [15]. 
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CHAPTER 8 

FUNCTIONAL DERIVATIVES OF CARBOXYLIC ACIDS 


Functional derivatives of carboxylic acids can result by the modification 
of both OH and CO group of the carboxyl. These changes are reflected in 
the infrared spectrum by the disappearance of characteristic bands (OH or CO) 
and the appearance of bands arising from the new groups and by specific 
shifts in frequency of the unchanged group. 

In many derivatives changes take place in the OH group. As a result 
large changes in the Cs=0 force constant occur. This explains the wide spread 
of CO absorptions (1650—1000 cm~^) in functional derivatives of acids. 

Among factors affecting the force constant, electron distribution in the 
carbon— oxygen bond is, obviously, of primary importance. This distribution 
is affected by electronic effects (/ or E) and by field effects. Physical state, 
solvent, mass of the atoms in the a-po$ition, and vibrational coupling 
result in much smaller frequency shifts and do not prevent the identification 
of the functional group |l]. 

In functional derivatives 

0 

/ 

R-C , 

\ 

X 

X is a halogen atom or a group containing oxygen or nitrogen. The mos 
electronegative halogen atom displays its —7 effect, increasing the carbon- 
oxj’gen bond order, hence the force constant and the frequency of the 
vC=0 vibration. In functional derivatives with oxygen or nitrogen atoms, 
both having an —7 effect, the unshared electrons of these atoms are involved 
in conjugation with the C=0 group, which loses its double bond character 
and gives rise to vibrations at lower frequencies. The mure mobile unshared 
electrons of nitrogen are involved to a greater extent in conjugation. This 
explains the lower frequency of amides cf. esters. The lowest frequency is 
observed in the — CO^ group. 

In the series 


0: 0: 

0: 

0: 

0: 

/ / 
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— C — C 

— C 

— C 

— C 

\.. \.. 

\a- 


\ 

O:— Nil, 

OH 

OR 

Cl 

vCO(cin-i) 1S30-1G10 ~10OO 

1710 

1700 

1820 


possibilities of internal conjugalion decrease m the order .shuMii. The —7 
effect of the atoms attached to the C-=0 group increuses in the same order |2]. 
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FoMc It-IH OatMlarittiv of faMtteMl telnrttvw it wrtos^ wtUto 


Compoimd 

FomiiU 


Fk^quMie^a cm' 

Halides 

0 

R— 

\lal 

.0 

n-c^ 

OR 


1770-1870 

Esters 


1735-1740 

I^actoi^PR 

n-l,p 

1818 


1 1 

n=2, Y 

1770 


-C CO 

1 

n-3. B 

1740 


Anhydrides 


Peraclds 


Peroxides 


Amides 


Nitriles 



1800-1825 

830-800 

1780-1820 

1758-1705 

1G50-1715 

2200 -2200 


Table 11-178 bliows the limit's of vCO ahsorption.s m functional deriva- 
tiveb debrribed below. The table also included lactones (cyclic intramolecular 
esters of hydroxy acids). 


A. ACID 11 A I. (DK.S 

Acid halides arc derivatives in which the OH group is replaced by a 
halogen atom. 
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The strong electronegativity nf the halogen makes the carboxyl carbon 
more positive, favoring structure (484) over the polar structure (488). The 
€==0 frequency becomes characteristic by its very high value and differs 
from vibrations of other functional groups. In saturated carboxylic acid halides 
the vCO frequency lies in the rnnge 1770—1870 cm“^ |3J. Within these 


h/ 

n-c 


>1 .. 
X:»- 


0 : 

H-C 

X: 


(il4) (/#5) 

limits, it varies with the nature of the halogen and nf the hydrocarbon 
group II. In the vapor phase, frequencies are 15—20 cm~' higher than in the 
liquid pliase [.3]. 

Sometimes the infrared spectra show the presence nf conformational 
isomers. 

In tlie series R— CO-X, where X— F, Cl, Br, I, the increase in vCO 
frequency parallels that of the electronegativity of the halogen atom. The 
highest frequency is shown by fluorides and it ducreuses in the order F^Clv 
Br>I. 

Acetyl ehloride in tlie vapor phase shows an al)surption maximum ut 
1821 cm~^ along with two bands at 1815 and 1820 enr^ [4]. In the liquid 
phase or in carbon tetrarhloride solution, the frequency falls to 1808 cm~^ 
f5, 0]. In nrid chlorides of the higher members of the series, the decreu.se in 
frequency due to tlie muss effect is very small. n-Octanoyl chloride absorbs 
at 171H) cm“’ 13] and phenylacetyl chloride at 1802 cm"* [S]. The strong - 1 
effect of fluoride results in a large increase in frequency. Acetyl fluoride in 
the vapor phase absorbs at 1872 ciir^ [3]. 

In halides of a,p-unsaturated acids and aromatic arids, conjugntioii 
of the C=0 group with the C=C bond or the aromatic ring results in a decrease 
in the C=0 bond order and, consequently, a decrease in its frequency. Ben- 
zoyl chloride has a strong band at 1773 cm~^ along with a weaker band at 
1736 cm-i 13, 5]. 

In halides of a-halogenated acids, the presence of the halogen atom 
adjacent to the C— 0 group results in an increase in vC=0 frequency, ef. 
unsubstituted analogs. Tlie largest shift is due to fluorine (the most electro- 
negotive, with the most powerful —I effect). The presence of three fluo- 
rine atoms in trifluoroacetyl fluoride (F,C— COF) results in an increase in 
frequenev to 1901 onr^ (in the vapor phase), i. e. by 29 cm“^ cl. acetyl 
fluoride (1872 enr^) 17,8]. 

The vibr.ition is sensitive both to the inductive effect and the mass effect 
of the halogen atom. 

In trifluoroacetyl halides, the decrease in frequency from fluoride to 
iodide is ca. 100 cm~^ (Table 11-179). 
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SiMller shifts also occur in halides of bromo* and chloro-acids. 


Spectra of mono> or dlsubstituted a-halogeno>aGid halides show two 
vCO absorptions [6], Doubling of the band occurs in the vapor phase, as 
well as in the liquid phase, 
or in solution. This behavior 

differentiates ix-halogeno /Mrs vCO ireqaenelm In trIilaewaBetyl IwniM 

arid halides from a-hn- ibikia «co, Mn~' 


logeuocarbonyl compounds 
which show a single band 
in the vapor phase [9]. The 
increased number of hands 
is due to conformationai 


FiC-COF 

1901 

F,C-C0C1 

1810 

F,C>COBr 

1838 

P,C-COI 

1812 


isomers and (487), 


Theory predicts that in the solid state the more stable isomer shoud 
have the more polar conformation (486), with chlorine and oxygen atoms cis 
to each other. This conformation should give rise to a band at a higher fre- 
quency than conformoLioii (487). Assignments of bands in infrared spectra of 
monochioro- and moiiobroinoacetic acids have been based on these considera- 


tions [10]. Table 11-180 .shows vCO frequencies of monochioro-, dichloro-, 
and trichloruacety] chlorides in the vapor phase, in n nonpolar solvent, and 
in polar solvent. 

Under these conditions spectra of chluroncclyl- and diuliloroacetyl chlo- 
rides show the two bands corresponding to conformations (48S) and (487), 
Trichloroacety] chloride has a single band as does acetyl chloride. The higher 
frequency baud in ninnochluroaretyl chloride, corresponding to the more 
polar conformation (i/iSff), occurs at 1835 cm~> (vapor), showing a shift of 
hi I cm"', cf. acetyl chloride. In dichloroaeetyl chloride, the frequency de- 
creases to 182.3 rm‘‘, being shifted only by +2 cm“^ cf. acetyl chloride. In 
Iriehloroacetyl chloride the absorption at 1815 cm"^ is 6 cm~S lower than in 
ucctyl chloride. The lower frequency band arising from the less polar con- 
formation (487) also shows an abnormtl behavior. In monochloroacetyl chlo- 
ride the band frequency is 21 cm~^ lower than in acetyl chloride and in the 
dichloro compound, the decrease in frequency is still larger [6]. 





This abnormal behavior, cf. x-halogennted carbonyl compounds, was 
attributed to the field effect of the chlorine atom which in conformation (486} 
is CIS to oxygen and in conformjlion (487) is rotated by 120”. 
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The iacrease in vCO frequency is due primarily to the — / effect of the 
chlorine atom attached to the G =0 group (in acetone, where the chlorine 
atom is replaced by a methyl group with a -f I effect, the vCO frequency is 

Table Jl-lSO Chararterlstic frequeoflm in rblorldn of ebloroiirellc anldi 


Acid Chloride 


Vapor 


Frequenry vCO, cm"* 

Solution in CCI^ Solution In ClfsCN 


CH, -COGl 
CICIl^-COCJ 

CI, CH-CDC1 
CljC- COCl 


1821 

183:» 1798 

1823 1790 

1815 


IROG 

1821 178:i 

1810 177!) 

1803 


1807 

1817 1780 

1805 1783 

1803 


81 ciir^ lower than in acetyl chloride, CII 3 COCI). The field effect of the two 
chlorine atoms diminishes the electronegativity of both atoms. This results 
in a decrease in vCO frequency. In conformation (486), the chlorine atom in 
the CIS ]>osition adjacent to the oxygen atom repels the electrons of the CO 
group and its frequency increases by 14 rm~' cf. versus acetyl chloride. In 
conformation {487) the chlorine atom rotated by 120° reduces the vCO fre- 
quency by the same number of cm”^. Based on these observations, vCO fre - 
quencies have been calculated for various possible conformations of chlorides 
of mono-, di-, and trichloroacetic acids (Table II-lKl), 

Tablf ll-UI IViteulated and experlmaolal vCO trequenries In iiionoi<bhirii>, dieliluro- iind 

IrlrhlorMfflyl rlilofidph 


Compoiinil 


I) 

il 





(.1 


X Z 


v( 0 cjIp. 
rni- ‘ 


vf.O pxp. 
nil-' 


CIIg-GOCl 

11 

11 

II 


1821 

ClCHg-COCl 

Cl 

H 

IL 

182H14.- 1835 

1835 


11 

G1 

11 

1821 1807 

1798 

cigcri-coci 

Gl 

(J 

II 

1821-14 t H-'^ISZI 

1823 


11 

Cl 


1821-28-^1703 

17UU 

GlgC-GOCl 

Cl 

Cl 

I4J 

1821-1 14-28* 1807 

1815 

13. RSTKHS OF 

G A R R 0 X Y L 

IC ACIDS 



The functional group in esters formally results by replacing the hydrogen 
atom of the carboxyl group with an organic group B. 


0 

/ 

u-c 

\ 

oil 


C) 

/ 

i\ -n 

\ 

UR' 
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Conseiiu«ntly vibrations of C=0 and G-O-R' bonds depend on the 
nature of R and mainly on the nature of R'. 

As in the case of acids, the organic group R affects the electronic dis- 
tribution in the —COOR' group through its inductive and conjugative effects, 
causing a decrease in vCO frequency in unsaturated and aromatic compounds 
and an increase in frequency iu derivatives substituted in the a-position 
nrith groups having a —7 effect (halogen, carbonyl, hydroxyl, '>tc.). Most 
characteristic, however, is the influence of the group R'. In the homologous 
scries whore U'— alkyl, the vCO frequency decreases (cf. to acids) because 
of the 1 effect of R'. If H' is an unsaturated or aromatic group capable 
of conjugation with the p electrons of oxygen, characteristic shifts in fre- 
quency arc observed. In esters of aliphatic acids with phenols or unsaturated 
compounds, for example, the vCO frequency increases. In diaryl esters due to 
compensation of the two conjugative effects, the frequency has an intermediate 
value. It should be pointed out that any shift in C=0 frequency in one 
direction is compensated for by a shift in — C— 0— R' frequency in the oppo- 
site direction. 

a. CO stretching vibration. 1 . Exters of saturaied monocarboxylic acids 
with saturated alcohols. Esters of saturated monocarboxylic acids have a 
constant vCO absorption bctwecii 1735 and 1740 cm~i in the liquid phase 
1 11] and 20-.30 cm"* higher (ca. 1765 cm"*) in the vapor phase ft]. In solu- 
lioii the frequency vanes with the nature of the solvent, lying in the range 
1735- 1750 cm~^. Esters of formic acid arc an exception. In the liquid phase 
their mc.ui frequency is 1723 cnr‘ and in the vapor phase 1755 cm“^ [4]. 
Table 11-182 shows mean frecpiencies of some esters RCOOR' where RsCH^, 
CgHj, n-Cgll,, i-GjH;, n-C*!!,, f-C*!!,, i-CjHu, and R'= alkyl, cycloalkyl. 

Methyl, ethyl, and propyl acetates in the vapor phase have two distinct 
maxima, separated hy 10—15 cm“^. They are attributed to envelopes of P 
and R hrniuhes of the rotational-vibrational spectra [12]. Chain lengthening 
of IV 111 the alcohol and of R in the 
arid does not affect the vC— 0 frequ- 
ency. Esters ofhigheraliphaticaeids ha- 
ve the same frequencies as lower mem- 
bers of llip series. Methyl sleiirati' (in so- 
lution) absorbs at 1741 enr’ |13, 14]. 

Neither does hRinrhing in the «- 
posit ion aflect the Mbratinn. Esti'rs of 
dimetliyl- and trimetliylacetie at ids has e 
normal frequencies (Table 11-182). 

Esters of tycloalkaneearboxylie 
acids with .strain-free rings have vGO 
frequencies in the range 1735 — 1740cm”^ 

[15]. Saturated esters in the steroid series have normal frequencies (1735 — 
1742 cm-i) [16, 17]. 

The intensity of vGO bauds is ehaiueteristie for various classes of esters 
and varies considerably from one cla.ss to another [18—21]. In esters of satu- 


Tabic U-1S2 lieu vCO freqaBHrlrs In 
nleri of lainrated allplulif nelda* 


i:fter 


vCO, cm-* 


Il-COOR' 1752-1767 

r.H,-COOn' 1762-1774 

CII,CII,-COOU' 1758-1767 

Clljr.H,CHj-COOH' 1758-17611 

(Gii,),r.n-coou' 1737-1759 

(r,Ii,),C-COOCIf, 1758 

(ClL),CH-r.H , -0000 ,11, _ 1759 

* In Ihr vapor phase. 
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rated acids with saturated alcohols, the molar extinction coefficient is 570 —610 
units. Frequencies and intensities of absorption enable the differentiation 
between various types of esters [20—23]. 

2. Esters of saturated adds with phenols (R'-t^arffl), In esters of aliphatic 
acids with phenols, the vGO frequency increases substantially, cf. alkylesters. 
Phenyl acetate CH,COOC|H| absorbs at 1754 cm~^ [24] in carbon tetrachloride, 
at 17D3 cm~^ in the vapor phase, and at 1766 cm*^ in the liquid state [4], 
p-Nitrophenyl acetate [5] absorbs in solution at 1786 cm"^. Shifts toward 
higher frequencies are due to the —I and — £ effects of the NO, group in 
the para position of the benzene ring. 

The general increase in frequency in these compounds is due to conju- 
gation between the unshared electrons of the oxygen atom and the aromatic 
ring. This destroys the normal conjugation of the ester group (4S8) and (4S9), 
favoring structures (dSO) and (49J), 


:6 

I .. 

n-c-o-R' 

(«*) 


:b:- 
I + 

R-C-O-U' 

(«S) 


■ • ii 

:0 :() 

II .. II 4 

n C- 0 - Aryl <- -» H r,- 0--Aiyl 

(490) (491) 


The pheiiomeiiuii has been pointed out fairly clearly with some steroid 
acetates with the OH group in saturated or unsaturnted rings, or an aromatic 
ring (Table 11-183) [25, 26]. 


Table II-ISS rJurirlMiiitle IrequenelM ot Ihe (.OOH' group In wnir slerold nien [26| 


Kster 


TTrupiwicy. om~ ‘ 
vC -0 vC-O-C 


Ktipr 


Frmutn fy, mu"' 

vC-l) vC-O-O 



Esters of saturated acids with unsaiurated alcohols. The vibration of the 
C=0 group is affected only by the doulile bond in the immediate vicinity of 
the oxygen atom R— COOC=C— . In vinyl esters RCOOGHsCH,, the fre- 
quency is very high [1, 24]. Vinyl acetate absorbs at 1776 cm”^ in carbon 
tetrachloride solution [24], at 1787 cm~^ in the vapor phase, and at 1770 cm"^ 
in the liquid state [4, 5]. 

Alkyl acetate Cir,GOOCH|-ClI:sGH, has an almost normal absorption 
at 1768 cm“i in the vapor phase, and nt 1745 cm“^ in carbon tetrachloride 
solution [12]. 
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The increase in frequency is because of conjugation, favoring structure 
(i9g) {24], and to the —7 effect of oxygen on the C^C bond [27], 

+ TT 

R-C-0=CH-CH n 
II •• 

: 0 : 

(««) 

4. Esters of aromatic acids wiihsaturatrd alcohols. The mean vCO frequency 
nf these esters in carbon tetrachloride solution is 1720 cm~^. It Is only slightly 
lover than in aliphatic esters. As in otlier esters, the frequency varies with 
the nature of the solvent and the physical state of the sample. For example, 
ethyl benzoate in carbon tetrachloride solution absorbs at 1724 cm**^ and in 
the vapor phase, at 1754 enr* [4], Methyl benzoate has a slightly higher 
frequency absorbing at 1730 cm~^. Branching of the O-alkyl chain results in 
a decrease in frequency (Table 11-184). This was attributed to the increased 
-I I effect of these groups [28]. 


Tablf II1S4 vC-O fnauaiieles In (;,H|COOII 128] 


n 

v0»0, cm-* 

Ay*/. cm-‘ 

B 

Methyl 

1730 

11 

000 

Ethyl 

1724 

14 

MSm 

n-Propyl 

1724 

13 


f- Propyl 

1720 

11 

855 

t Ilulyl 

1717 

14 

675 


Absorptions of esters in the naphthalene or phenanthrenr series lie in the 
same limits. Esters of 1-naphthaIenecarIioxyIir arid andO-phenanthrene rarboxy- 
liracid absorb at 1724 cm~^ [20]. 

The vCO frequency in meta- and para-substituted benzoic esters depends 
on the nature of sub.stituents. There is u linear relationship between the fre- 
quency and the Hnmmett-o constant |,30] from large negative values (p-N(CH|)|) 
to positive values (p-NOj) [31] (Table 11-185). 


'Jahh II-ISS vCn frequrneim in BUlMlIluled benzole n>lera 


Substlluonl 

vCO*, cm ‘ 

B 

Subbtitucnl 

vCO®, Bin"* 

B 

jnefa-N(CH,L 

1727 


or/Ari’OCll, 

1745 

-(shoulder) 

OCH, 

1726 

GGU 


1736 

430 

H 

1730 

900 


1718 

265 

Cl 

1735 

015 

CiL 

1728 

315 

NO, 

1736 

690 

Cl 

1744 

410 

para-OClL 

1723 

725 



240 

Cl 

1731 


NO, 


710 

NO, 

1737 

750 

OCOCH, 


865 


* Dilute nlullon In cubun tctrarhloridr, 
*• vCO acetate— 1775 cm"^, 
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INFRARED SPECTRA OF ORGANIC COMPOITNDS 


Band doubling in or/Ao-subctituted compounds is due to isomers {493) 
and (494). 


CH, 

CH, 

\ 

/ 

0 0 

0 0 

\/ 


c 

c 




(«J) 

I4f4) 


The higher frequency band (1740 cm~^) is assigned to structure (494), 
where the CO group is opposite to X and the lower frequency band is assigned 
to structure (493) where vectors Cs=-0 and C-X have the same orientation 
1311. 

5. Esters of aromalic acids with phenols. The vCO frequency in diary] esters 
is 1746 cm~^ [26]. It is intermediate between frequencies of esters 
of aromatic acids with saturated alcohols, Ar— COOR' (1720 crn’M and esters 
of aliphatic acids with phenols, K--nOOAr (1766 cm"^). This is due to com- 
petition of the two aromatic rings for conjugation with the unshared elec- 
trons of the ester oxygen [26], 

6. Esters of unsaturated acids with double bonds. The effect of the doiihle 
bond on the - COOR' vibration depends on its positioiuelative to this group. 

Esters of a,P-unsatunited acids with the double bond adjacent to 
the COOR group have lower vCO frequencies than saturated esters. The mean 
value of the frequency is 1720 cm“^ [4, 11, 32—35]. Characteristic frequencies 
of some a,p-unsaturated esters arc shown in Table 11-186. 


Table II-ISS OianiBlsristip Ire^mwles (eni~^) in a,p-niiMtiiratod etlnk [H.i] 


Ester 

c-c 

Isomer 

vCO 

(mCS.) 

vGbC 
(m CCI,) 

Out-of-plane ClI de- 
formation fm CS|1 

Trails Crs 

CH,<.cCH-C()OCII, 

CH,-CH-=CH-COOGIl, 

fran3 

17J8 

1726 

1650 

969 


CH,-C1UCH-C00CH, 

ris 

1721 

1644 

— 

812 

CH,-CH=CH-CH- CH-COOCn, 

/ranj- 

frans 

1716 

1642 1614 

995, 043 

- 

CH,- CH Cl I - CT I- GH - COOCI I, 

cw- 

irans 

1715 

16.74 1508 

m, 951, 936 

— 

CH,- CH»CH-CH- CH-COOCH, 

trems' 

(U 

1715 

J639 1597 

096, 958, 938 

832 

CH,-CH- CH-CH^ CH-COOCH, 

cis-cis 

1715 

1623 1587 

- 

821 

CH,-C=C-CH>= CH- COOCH, 

trang 

1719 

1615 

959 

— 

CH,-C5C-CH- CH-COOCH, 

els 

1733 

1718 

1612 


812 


The decrease in frequency is attributed to conjugation of the COOR' 
group with the K,|I-double bond. 






rUKCTIONAL DERIVATIVES OP CARlJOXYLIC ACIDS 




Extension of the conjugated donblr bond system results in an insignifi* 
rant decrease in frequency, cf. that determined by the double bond. 

The intensity of the vCO hand does not vary veiy much with the nature 
of the unsaturated system. 

In conjugated R.P'Unsalurated esters, the --COOIt' is cupianar with 
the C=C double bond. The molecules ran adopt either the s-ris or the s^irans 
configuration. Because of this some esters .show two vCO absorptions [36]. 

7. Eslmof iinsaturaled acids with triplr bonds. In roiijugated K,^>unsa- 
turated esters with triple bonds, the vCO frequency decreases to cn. 1717 cm“^. 
On extension of the triple bond system, a slight increase in frequency is obser- 
ved rf. nnsaturated esters with double bonds. Characlrristic frequencies of 
some acetylenic e.sters are shown in Tabic 11-187 [3.3]. 

Table 11-187 Charoelerlstle fre|araelr8 ol neelylenle nlrrs [33] 


Eetpr 

Fppquenry, cm" 

vc=^c vcn vc-c-r.oon 

(in CC1.) (In CS,) (m CS,) 

iiG=c-coocn, 


1719 

750 

(:ii,-c=c-coof,ii, 

2212 

1718 

748 

CUa-C=C -CSC- COOLll. 

mo 21 «H) 

1716 

740 

C1I,-(C=C),- COOCII, 

2210 2125 

1721 

740 


8. Esim of dirarboxylic nrids. The normal vCO frequency in esters of diear- 
hoxylic acids is 1710 rnr^ (5, 18, 37, 38]. In malonir ester, svhere the two 
rai'bnalkoxy gioups are attached to the same carbon atom, the band is split 
due to either mupling of the symmetrieal and asj'mmetrical vibrations or to 
resonance roupling with an overtone. The two bands orcur in the infrared spec- 
trum at 1740 and 17, 57 em”^ [38]. 

Starting with oi-dicarlioxylir acids with four carbon atoms, a single vC=0 
absorption oeciirs. Diethyl succinic ester al).sorbs at 1713 cm“^ .and diethyl 
adipic ester at 1738 rm“^ (Table 11-188). 


Table II-1S8 vCO freqneorliK (nn-^) In Hler* of snliiraled dlrarbnsyllr arldt [S?! 


Lsler 


l>iinptli>l 

Liquid 

Av 

Crlil. 

Dirtily 1 

Liquid 

Av 

Oxalic 





J7.'i4, 174 1 


Malonir 


1750, I70K 



1750. 1764 


Succinic 

1742 

1751 

1 » 

1743 

1753 

+ 10 

Olularic 

1740 

1749 

1 n 

1730 

1741 

411 

Adlpir 

1754 

1752 

2 

1738 

1749 

+11 

Pimellc 

1740(1741) 

1749 

-19 

1738(1744) 

1739 

1- 1 

Suberic 

1751 

1749 

- 2 

1713 

1741 

- a 

Acelair 

1745 

I74;{ 

-2 

1750 

1745 

- 5 

Sebacic 

1750 

1755 

1 0 

1740 

1747 

+ 7 

Decaned Icarboxy] ic 

1755 

1753 

0 

1745 

1733 

+ 12 


No large differences in frequency are observed between specira recorded in 
the liquid or solid stHic_^[37l. 
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In (limethylestcrs vCO frequencies arc higher in even-numbered than in 
odd-numbered members (oxalic acid is an exception). The behavior is similar 
to that obserx'ed in monocarboxylic arids (1705 cm~^ in C]|, etc. and 

1698-1701 rm'i in Cu. Ci,, etc.) [14]. 

vCO frequencies of methyl and ethyl esters of saturated diuarboxylic acids 
nrc shown in Table 11-188 [37]. 

The mean vCO frequency in even-numbered methyl esters (n>4) in the 
crystalline state is 1750—1754 cnr‘ and in the liquid state, 1749—1755 cm"^. 
Odd-numbered esters (n>3) absorb at 1740- 1745 cm~’ in tlie cry.stalline state 
and at 1743-1749 cm~' in the liquid state. 

In ethyl esters the limits are larger: 1738-1750 cm~^ (crystalline, even- 
numbered), 1733—1753 cm”* (liquid, even-numbered), 1730 -1750 cm”* (crys- 
talline, odd-numbered), and 1739—1745 cm”* (liquid, odd-numbered) [37]. 

In esters of unsatnrated acids with carboxyl groups directly attached to 
the double bond, the vCO frequency increases cu. 5 cm”* cf. monucarboxyiic 
K,p-unsaturated esters. Fumaric ester absorbs at 1727 cm”', (in CCI 4 ), and 
maleic ester has a slightly higher frequeiiry (173 1 cm”*). The higher frequency 
in maleic ester is attributed to the disap])oarance of conjugation as a result of 
a twisting of the GOOR group out of the plane of the C-— C bond. This devia- 
tion from coplanarity is due to a secondary steric effect [39]. In this case the 
frequency i.s close to that in nonconjugated compounds. The same effect is also 
observed in other compounds. The spectnim of tetracarbethoxyethylene (495) 
shows two bands, 1739 and 1750 cm”* (in CCl*), w’ith frequencies very close 
to those of the saturated analog tetracarbethoxyethane, absorbing at 1712 and 
1751 em”*. 


14c, OOC COOC,H, 

)r.V 

H,C,OOr. C0C,H(0 

{49S) 


H|C,OOC 


CN 


NT. COOLglU 

(««) 


In 1,2-dicyano-l, 2 -diearbethoxyethylene (496), only the frequency of the 
(^N group decreases. The vCU frequency has the normal value of saturated esters. 
It is assumed that only the CN group coplnnar with C--C is ronjiigated with 
the double bond, whereas the COOH' groups are oul-or-plane [38]. 

In eyanoaretie ester NC—GIIj— GOOR, the vCO frequeiieyis 1756 cm”* in 
nonpolar solvents (CCI 4 ) and 1750 cm”' in acetonitrile [lU]. By analogy with 
oc-halugenated esters, the increase in frequeney is altributed to the — / effect of 
the Cz:.N group. It is assumed that cyanoacetic e.ster has a staggered syn 
conformation (497). 

0 


C 

H /I 
1/ on 
c 

/\ 

H CN 

(« 7 ) 



functional derivatives of carboxylic acids 
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9. Esten of ei~halogenated acids, The presence of an electronegative halogen 
atom in the a*position with respect to the COOR' group results in an increase 
in vC=0 frequency, cf. uusubstituted esters. The highest frequency is observed 
in fluorocsters. It decreases with the elertronegativitv of the halogen atom. 
In trichloroacetic ester, the frequency is 1770 cm~^ and in Iriflnoroneetic est(‘r, 
17S9 rm'S cf. 1740 cm'^ in methyl acetate (carbon tetrarhloride solution or 
liquid) (Tabic 11*189) [1, 8, 12, 41]. The inerense in frequeney is due to the 
—/effect and to the field effect of the halogen atom on the nwdily polarianhle 
oxygen ntom [8] (sec Carbonyl compounds and a-halogenated .ncids). 


Table 11-189 CharncUrlsfle trvqiieneln Id a-haloifPiinfeil elhylai'rlntcs (liquid flloi) [41] 


Rster (H«-C) 

II 

o 

Frequency, on ‘ 

vC-0 vn-Cl 

vC-Br 

Cl 1,- coon 

1740 

123U J2I5 



CHiDt-COOII 

1740 

1261 

- 

553 

CIIBr,-COOR 

1753 1730 

1268 1278 


563 598 large 

CH,Cl-COOR 

1753 

1288 1311 

607 

— 

CHBrF-COOR 

1754 

1284 

— 

504 

CHC1F-COOR 

1754 

1276 1290 

731 

— 

CHClj-COOK 

1758 

1268 1302 

719 

— 

CIlUiCl-COOR 

1758 1742 

1265 1266 

- 

- 

CCl,-COOR 

1770 

1310 1266 


- 

CH,F- COOR 

1778 1750 

1200* 

— 

- 

cnr,-cooR 

1770 

— 



CK,- COOR 

1789 

- 


— 


* Only one band ib observed instead of two bccausp of rrcordbig in liquid film inhere 
the less polar form disappears [2|. 


Comparative studies of mono-, di-, and trilialogrnated methyl and ethyl 
iieetntes in the ga.seuu.s phase, liquid state, or in solution have shown that 
some ul them have two vCO hands and others only one. SpliMiiig of the vCO 
hand in compounds with a halogen atom in the a-posilioii was attributed to 
the presi-iire of rriiifonnatioiinl isomers [8, 12, 42]. In the vapor phase trirhloro- 
acetic ester, with three identical atoms at tlie a-rnrhoii, shows a single band 
at 1784 rm'^. In carbon tetrachloride solution or in the liquid state this band 
occurs at 1770 em"^ 112, 41]. In this compound (408) one chlorine atom has 
to be rj.s to the CO group, whereas the other two are twisted by 120“ and base 
equivalent electrostatic ]>os 

Ci 0 r.i 0 

J II I II 

d— c c — c 

/\ I /\ I 

Cl Cl OR II Cl OR 

(m fsviij 


iitioiis 112]. 


11 0 

I II 
c — c 

Cl a OR 


Cl 0 

I II 

C — c 

Ain 


11 o 

1 il 

c — c 
/\ I 

II Cl OR 


(m 


hoi) 


(60Z) 
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Spectra of difluoro-, dichluro-, and dibromoacctic esters show two bands 
18-25 rin~> apartj both in the vapor phase and in solution [18, 12, 40, 41,43] 
This splitting was attributed to tlie presence of conformational isomers (499) 
and (599) in equilibriam [8, 12, lU, 43]. The higher frequency corresponds to 
the more polar conformation (499) with a chlorine atom cis to oxygen and the 
lower frequency, to conformation (599) [8]. The distance between the two bands 
seems to be temperature independent; however, the intensity of the higher 
frequency absorption decreases in the vapor phase [12]. The frequency of con- 
formation (499) is close to that in trichloroacetic ester, whereas the low frequenry 
coincides with that in methyl or ethyl acetate (Table 11-1 00). 

Table 11-190 vCO IrequrnelM In a-baloarnatril eslern [12] 


vCf)| rm ' 

. Sfiliilion ill 


Alplhyl cslpr 


CIl,- COOCH, 

I77J 

1710 

r.ii,Q- r.oooii, 

1771 

1749 1773 

aiicij-Goouij 

1771 17D8 

17)5 177ft 

r.Cl,- GOOCH, 

t7Mn 

1775 

<:n,Br - (-OOGH, 

1770 

1719 1701 

II I h y 1 e s 1 p 1 
r.lIjCl- GOOC,I1, 

i76r) 

1713 

UlGl,-GOOG,H, 

non 

1712 1767 

CGl,-COOC,H, 

1781 

1770 

CIl,Br--COOC,TI, 

I7h3 

1713 1701 

f.HBr,- COOC,Ili 

1757 1780 

1712 1761 

A 1 1 y 1 ester 
GH,-C00CII,C1U CH, 

1768 

1715 

G1lCl-COOGn,CIU CH, 

1765 

1716 1768 

CHGI, - GOOCH, Gil- GIl, 

17b;< 1786 

1752 1772 

(.ci,-coo(:h,cii- ch, 

1784 

1770 


Methyl or elhyl inonochlnro- and monobromoarelales in the vapor plia.se 
[12| or in the liquid .state [11] .show a single band at 1771 and 1770 enr', 
respectively, in the vCO region. In carbon tetrachloride solution, Uo bauds 
occur; 17411 and 1773 cm”’ in methvl luonochlorn.scetate [S, 12, 40] and 171*) 
and 1761 enr) iii inethylbromoacetate |12|. In some pai)ers the lower frequency 
band was not leported in .spectra recorded in the vapor or liquid phase. It is 
believed that under the.se conditions one of the isomers either di-sappeurs com- 
pletely or is pre.seiit in a very low concentratinn. Here, loo. the higher frequency 
absorption is assigned to conformation (59/) and the lower, to conformation 
(599). 

Band intensity studies in various soh cuts [10] and at various tempera- 
tures [43] give some indications regarding the contribution of the sicric factor 
and the inductive effect to isomer distribution at equilibiiuin. The -I effect 
dues not nffccl the iiilensit} but determines the frequenev of the ab.sorptiuu 
[8, 12J. 


nmCTlONAI- DERIVATIVES OP CARBOX\XlC ACIDS 


4S» 

The or(Ao-halog€noben2oiG esters [31, 44—16] show two vCO ahsorptious 
assigned to conformational isomers (5dd) and {50i). The intensity of the higher 
frequency hand increases in acetonitrile (more polar solvent) (Table IM91). 


Table Il-lai vCO IrefBenelM 1b OfubstltuUd meiayl beamlM [31] 


Siibitltuent 

CCl, 

1 

n-Hexane 

CHaCN 

vCO 

1 

vCO 

t 

U:o 


o-CH, 


m 

1745 

.395 

1731 

505 

o^F 



1723 

30.5 

(1709)* 

105 


1741 

31. 'i 

1749 

260 

1733 

520 


172C 

510 

1731 

425 

1723 

425 

p-Cl 

1744 

410 

1750 

465 

1736 

480 


1727 

240 

1733 

285 

1724* 

(120) 

o-13r 

1744 

465 

1750 

550 

1737 

535 


1727 

(195) 

1735 

240 

1729 

(133) 

o-I 

1740 

.l.'iO 

1746 

630 

1733 

540 


1727* 

(180) 

1736* 

(200) 

1725 

(85) 

o-NOa 

1747 

710 






1730 

(too 

1735 

1035 

1724 

790 


* Shoulder; estimated values arc piven in parenthesis. 


By analogy with aliphatic a-halogenated esters, the. higher frequency band 
was assigned to the more polar form {503) where the vectors of the C— 0 and 
C- X dipoles arc parallel. The other ab.sorption belongs to conformation (604). 

10. Esters of hijdroxijadds. la esiin ol salicylic acids, the C—Ogroup forms 
intramolecular (chelate) hydrogen bondswiththe phenolic hydroxylaitd the fre- 
quency decTea.ses to 168-1 cm“i. The shift, cf. methyl benzoate (1730cm"*), is —46 
cm"* [28]. Alkyl .sub.stitiients in the ring in positions which do not interfere witli 
the chelate system do not alter the frequency. Snb.stitucnts in the 3- and 6- positions 


Table II-19S vCO and vOH IrequendM (eni~*) 
ia mslbfl Mters of substituted nlleylle aolds 


Subitltuent 

vCO 

(ca.) 

Bouded vOlI 
(In CGI.) 

4-MeUiyi 

1681 

3200 

3-Methyl 

1681 

3195 

3- {.Butyl 

1676 

(3110) 

6-Methyl 

1671 

3120 

3-hopropyl-6-inelhyJ 

1663 

(3040) 

Methyl salicylate 

1684 

3210 

/erl-Butyl salicylalc 

1674 

3180 



fsai} (foil 

reduce the frequency. The shift 
depends on the size of the subs- 
tituent. Unsubstituted methyl and 
f-butyl esters are listed in Table 
11-192 for comparison, 


A similar ortho effect is observed in other esters of aromatic o-hydroxy- 
acids with substituents adjacent to tlie chelate group. The ester of 9-hydroxy- 
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phenanthrene-lO-carboxylic acid absorbs at 1649 cm~^. This frequency is much 
lower than in normal (nonchelated) aromatic structures [29, 47]. 

Esters of a,p-un5aturated p-hydroxyacids are enolic forms of p-ketocsters, 
which also have chelate structures (see below). 

b. Oilier cbaraolerisUe frequtmeies in esters. Spectra of esters show a 
strong baud in the range 1150—1280 cm~* [1, 48, 49], accompanied by one or 
several bands of variable intensity between 1000 and 1300 cm"^. These bands 
have hceu ossociated with various modes of coupled C— 0 and 0 -II' vibra- 
tions of the COOR' group [11, 50|. 

In aeetalcs the strong 

Tabit 11-193 vC-0 fr«i|BBneles In Mteri of rarfeexylle 1240 cnr^ is frequently 

apidN [49] split. This splitting was 

attributed to the pre- 

Uiter, R’gsiicyl, iieroid iico, cm" sence of Several confor- 


H-COOR' 

n-COOH' (R-C,Ht, C,H, clc.) 
(CH,)tCiI-COOR' 

CH,-COOR' 

c,H,-coon' 

CH,-COOCIU CIIR 
R- GOOCH, 

HalCIL-COOCiH, 
Hal,C H-COOC,H| 


1175-1185* 

1185-1190 

1200 

1232-1257 

1270 

1098-1159 

1155-1173 

1260-1310 

126S-127B 


malional isomers [48, 50, 
51]. 

Table IM93 shows 
the regions containing 
rharacteristir C-0 fre- 
quencies in various types 
of esters [49]. 

Studies of band posi- 


[.’>0], 1150-1220 ciir 


tioiis and intensities in 


this region reveal some 

particularities useful for identificaliuii purposes [50]. 

Methyl formate has a pair of bauds (labeled a and b in Table 11-194) 
between ca. 1150 and 1220 cm~^. The tw'o components shift together on chain 
lengthening. In general the lower frequency band is weaker and the relative 
intensity of both bands decreast's along the series. Acetates seem to have a 
single band, but n more careful examination reveals two components. The 
higher frequency band is very weak in methyl acetate, but it becomes stronger 
in higher members. In methylpropionate the splitting is readily noticeable, 
whereas methyl butyrate and isobutyrate show more than two bands. 


Table 11-194 Frtqueneleii nd abiolate IntaultlM* at Mine elkirl Hten |50] 


tLHier 

cm"^ 

AW 

cm"^ 

4-10* 

AlO* 

Methyl lormale 

1161 

54.3 

1214 

9.25 

147 

Ethyl formate 

1155 


1195 

14.00 

170 

Duty I formate 

1151 

14.4 

1186 

16.20 

170 

Mothyl acetate 

1253 


1268 

1.06 

144 

Ethyl acetate 

1249 

(147) 

1273 

(19) 

166 

Amyl acetate 

1246 

(76.6) 

1260 

(86) 

163 


A it expreited in cm. inolcr^> i~i. 






functional DERtVATIViSfi OF CARBOXYLIC ACIDS 4)1 

Since solvents with different association capability affect the band inten- 
sity differently in this region, it was assumed that the carbonyl group is invol- 
ved in these vibrations. Table 11-194 shows frequencies and absolute intensities 
of Q number of alkyl esters in acetonitrile solution [5U]. 

Methyl esters show three bands between 1350 and 1500 cm~^: a strong one 
nt 1436-1438 cm-^ and two weak ones at 1420-1427 and 1 360-1 362 cm"! |49]. 
The 1436—1438 citr^ band vanishes on deuteration. It was assigned to the 
SCHg vibration of the ester group GOOCH,. The 1420 cnr* band was assigned 
to the scissoring vibrotion of the GH, group adjacent to GOOCH,. The 1 378 cm~* 
band probably belongs to the terminal CH, of the alkane chain of the arid. 


Larhnes 

Lactones are intramolecular esters of hydroxyacids. Consequently, they 
show characteristic absorption of esters. The vCO frequency shift, cf. values in 
saturated esters, depends on ring size |52-55]. Table 11-195 shows differences 
(A vCO) between vCO frequenrie.s in four- to seven-niembcred ring lactones 
along wilh vCO frequencies of saturated aliphatic esters. 


Table II-I9S Ellert d( ring ilsr on vCO Iroqnenriw In InelouM [53, 54] 


No of rlnif rurbtma 

\ 

Ti 

0 

7 

Saturaletl 

aliphatic 

eilen 

^^call frequency 

1K18 

1770 

1740 

1727 

1735 

Av In monocyclic IfUione 

4 K3 

MO 

H 5 

-- 0 

— 

Av In bicyclic lorioiie 

— 

\ 2U 

+ 4 

— 

— 


The higher vCO frequency in four- and five-membered rings is assumed to 
be due to changes in hybridization of the carbon atom in the CsO group [ 53 ]. 
In six-membered ring lactones the frequency is almost normal. In smaller rings, 
the same as in carbocyclic analogs (see small rings), the carbon-oxygen bond 
has stronger s-rharacter. This results in an increase in force constant, hence in 
frequency. The fall in frequency in the seven-membered ring can be associated 
with the decrease in C «0 bond order due to the same effect [53. 56). 

a. S-Laetones. The vibration of the G =0 group in saturated S-lactones 
has the same frequencie.s as in saturated aliphatic esters [54, 57]. The mean 
value is 1733—1739 cm“^ [57]. For example, 8 -vaIeroIactone absorbs at 1740 cm~^ 
(303) (in GGI 4 ) [53]. In polycyclic steroidal lactones, frequencies lie iii the 
range 1737— 1747 cm~^ [58]. In bridged bicyclic systems the value of the vG*-0 
frequency corresponds to that of the smallest ring. Bicyclic [2.2.2] lactones 
show frequencies of 8 -lactones corresponding to a six-membered ring; 2 -oxabi- 
cyclo [ 2 . 2 . 2 ] octanone-3 (300) absorbs at 1739 cm"^ [53], 
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Oxahicycio [3.2.1] octanoaes, for example (SO/), have a five- and a aeven* 
membered ring. The vCO frequency corresponds to the five-membered y-lactonic 
ring. 

Q.czr ^ 

/m (set) I'-w) 

In ii series oi .strained steroidal spirolartoiies Irequeneies lie in the range 
1786-170.3 em-i [48]. 

In iinsaiurated 8-laelones the vCO frequency depends on tlic position of the 
double bond relative to the C - 0 group |50J. In a,p*unhaturated lactones (508), 
the frequency decreases to 1708- 1710 cm~‘ (sometimes the band is split; see 
y-laetofles). The frequency becomes normal in noneonjiigated compounds (500). 
absorbing between 1725 and 1740 cm~*. A double bond in the vicinity of the 
alcoholic oxvgen raises the freqnenev (the .same ns in vinvl alcohols). 1.,urtones 
(510) absorb at 1770 - 1773 cm"*. 


^>0 
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The vCO frequeiiey in eoumaiin is 1()!)5 — 1710 mr^ in chlurofonu [60] and 
1730 cm"* in nujol |6IJ. The same frequency oreurs in 1-hydroxycouninrin. 
In 3-subslit 11 ted hydroxycoumarins the freqneney is shifted to 1704—1730 enr^ 
[62. 63]. 

Other fharaclerislic vibration.^ in S-lflc/onei. Deformation vibrations of the 
Cllg group in the position relative to oxygen absorb at 1400 cin"^ [58], The 
frequency of the vC— 0 vibration occurs at 1220—1240 cm~^ [57]. Deformation 
vibration ot the Cllt group in the a-position relative to the C=0 group give 
rise to absorptions between 1 118 and 1422 cm”'. 

b. Y'Laotones. vCO frequencies in saturated 
35—40 cm"' higher than in 8-lactones [52, 53, 54]. The reason for this 
rise in frequency was given above. Y'^utylrolactone (511) absorbs at 
1775 cm”' (in CGI4) [5, 53 j. The frequency does not vary much with the nature 
of the solvent or the physiral state of the sample. absorb at 

1775 — 1790 cm”' in earbon tetrachloride, at 1770—1785 cm”' in chloroforin, 
and at 1770 cm”' in the solid state [58]. In a.p-unsaturated y-lactones 
(512) (and in some a,p-unsaturated S-lartones), the vCO hand is split 
into two components of unequal intensities with frequencies ol 1785 and 
1755 cm”' (in CSg). The relative intensity of the two bands varies with sol- 
vent polarity and with temperature [64]. The lower frequency band (1755 cm”') 
is assigned to the normal vCO vibration [58]. The second band was assigned 
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to a Fermi resonaoce with an overlonr [65]. The intensity of the higher 
frequency baud decreases with increasing solvent polarity |51|. 

O'" O'" O'” 

(5/1) (5/5) (5/5) ( 5 / 5 ) 

The vC=C absorption in these Incluncs occurs at 1020—1630 cm”^ [58j. 

In p, y-uiisaturaled Y'i^ctones (523) [5, 32, 65] the vCO frequency 
is 1800 cm**^ (corresponding to enol-lnctones [66]). x-Angclica-lactone (614) 
absorbs sit 1799 cm*'^ [66]. Y-Lactones substituted with electronegative 
groups in the x-position also have higher vC--0 frequencies (1800 cm~^). 
The —I effect of the C—O group adjacent to oxygen can be demonstrated 
hy comparing the two isomeric acetyl-hutyrolactoiies (515) and (did). The 
vCO frequency in the lactonic ring is 1800 cm“i in (525) and 1773 cm”^ in 
(570). Thu CO group of the acetyl group absorbs at 1718 cm~^ [5]. 
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IKOO 
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In phthalides (527) [ii7, 68] the vCO Irequency lies in the range U.'iO— 1780 
cur*. Infrared spectra have been used in many inslanccs to establish the 
lautomerisni (577)3^(528) [67, 69]. 
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III lactones of Y-hydroxy-a-kctoncids (K>kcto-Y-lactones) [70] of structure 
(519) the enolic form shows the following absorptions; vCO=17G0 cm*^, 
vOU rv 3510 cm“* and vC — - C = 1700 cm"*. 


110 It 

\ / 


riii/eo It 1800 
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In the spectrum of treonic acid, absorptions arising from botli tauto- 
meric forms (527) and (522) can be identified [51]. In the ketixform (522), 
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the frequency of the loctonie CO group is 1800 cin'^ tiud that of the p-keto 
group is 1760 cm"^ (solution in C11|C1|). The enolic form (S2J) has the vCO 
frequency «t 1740—1750 cm”* in rniiipounds where. R is not hydrogen. vC=C 
occurs at 1675 enr* when H- alkyl and at 1630 cm”* when H=ll. The vOll 
ahsor]ition gives rise to a broad iiniid rrntered at 2800—2900 cm”* (clielale 
hydroxyl) [71]. 

In lactones (523) -(SUS) ah.sorptions arising from both the Inctonic and 
the c.ster CO groups can be ol)serYcd [72]. 



fMJJ (lU) ftttj fS2IJ 

vCOMterl74:i 1743 1731) 1743 

vCO biclonr 1783 1783 177.1 1767 


c. p-l^eloiies. The vCO frequency in p-lactones is ca. 100 cm”* Jiighcr 
than that in acyclic esters or in 8-lactnues. This large .shill is attributed to 
rhfliige in hybridization due to the .strained lour-mcmbcn‘d ring. p-Pnquolartuiie 
(527) ubsorks at 1841 cm”* in caihoii tctraihloride solution and at 1834 cur' 
in methanol [53]. AvCO of only 7 cm”* shows thal the tendency toward hydro- 
gen bonding is smaller in ^-lactones than in Y-lactones (AvCO 12 cm”*) 
or in 8-lactone.s (AvCO- 15 rnr*) [7.3]. 


“ 0 

CHa- — 0 

HCIl-— 0 

L_ issQ 

L Lo 

H -Lo 

(6117) 

(529) 

(528a) 


In kelenc dimer (523) the vCO frequency is highei. The spectrum .shows 
two bands: 1900 and 181)7 enr* (in CCl^). The unusually high frequeury baud 
at 1708 enr* is assigned In the exocyclic double bond [74, 75]. Alduketene 
dimers with laelonie sfriuturc (533a) show bands at 1910, 1857, and 1710 enr* 
[75«]. 

C. A N JI Y IJ R 1 D H S 

Carboxylic arid anhydrides are characterized by a doublet in the 
1750- 1850 inr* region because of coupled vibrations of the two CO groups 
[76—78]. The higher frequency band is a.s.signed to the symmetric vibration 
and the lower frequency band to the asymmetric vibration [78, 79]. Table 
11-196 shows vCO frequencies for some characteristic anhydrides [78]. 

In acyclic niihydrides of saturaU'd carboxylic acids the Iw'o bands 
(1800 -1825 and 1740- 1760 cm”’) ore almo.st of equal intensity (the ratio 
of optical densities is 0.8- 0,9) (see Table 11-196). 
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tahk^'tH vCO ln«MiwlM !■ aakyirllM, [78] 


Anhydride 


Vibmtion 


Ratio 
O.D. Miym 
O.li. eyni 

vGO lym 

O.D, lytn** 

vCO eByin 

O.D. luyni*^* 

CII,CO 

ai,c(r 

1825 

0.11)0 

1754 

0.140 

0.92 

(ll-C0),0* 

yCHj-COv 

c*>s<r >0 

\cH,— CO/ 

1800-1825 

1812 

0 lRO-0.190 

fl.l)6.'i 

1740-1700 

17C4 

0.140-0.1.50 

0.170 

0.01-0 9 

2.7 

CH*"“™COy 

1866 

0.054 

1792 

0.,167 

0.8 

1 — 1 

1859 

0.042 

1786 

0.264 

6.3 

0 ./ 

1855 

0.048 

1783 

0.362 

7.6 

u 

1802 

0.048 

1790 

0.402 

8.4 

^co 

1835 

O.U.'tO 

1770 

0.268 

9.0 







" p 

HjC' (1» 

1812 

(1845) 

0.050 

1757 

0.460 

9.2 


* n B alkyl. 

** O.D. aym m optical density of thr high frequency baiui. 

*** O.D, asym * optical density of the low frequency band. 

The large (Uhtuiire between the two bunds (70- 80 eni~^) eannot be explai- 
ned solely by a mechanic coupling of the two f.-O oscillators. Theoretically 
such it coupling should give a splitting no ulrger than 10- 15 rnr*. The 
large splitting must be attributed to electronic effects [80]. 

In anhydrides of a, p-unsaturated acids, conjugation results in a 20- dOcnr' 
decrease in frequency of the synunetric vibration. The second band (asymmetric 
vibration) maintains its position. Crotonic acid anhydride shows a doublet 
at 1780 and 1725 rm"’. The same shift of the symmetric vibration toward lower 


m 


Infrared spectra of ohoanic coj(<I»oi)nos 


frequencies takes place in aromatic anhydrides. Benzoic anhydride absorbs 
at 1789 cm“^ and 1727 cm"* [76]. 

in cyclic anhydrides cyclization acts in the opposite direction. Both 
bands shift toward higher frequencies. Slrain-frec six-membered ring anhydrides 
have almost the same frequency as aliphatic anhydrides. Glutaric anhydride 
absorbs at 1812 and 1764 cm"*. However, Ihc intensity ratio is different from 
that in acyclic anhydrides; whereus the intensity of the low frequency band 
remains practically the s.imc as in acyclic compounds, the intensity of the 
high frequency band diminishes appreciably (the density ratio rises). In suc- 
cinic anhydride (five-meinbered ring), the frequency increases (186G and 
1792 cm"*) because of changes in hybridization determined by strain [53]. 
The intensity of the first hand is of the same order of magnitude as in glutaric 
anhydride, whereas the intensity of the lower frt'qucncy band shows a large 
increase. 


Band posi lions in five-membered ring anhydrides of 1,2-dlcarboxylic 
acids (e, g. substituted succinic anhydrides) are not very sensitive to the 
mode of substitution. The situation is approximately the same when the suc- 
cinic system is part of a cycloalkane ring (Tabic II-19C). However, a rise in 
frequency is observed in the anhydride of cu-l,2-cyclupropRncdicarbuxylir 
acid cf. ru-l,2-cyclobutanedicarboxylic acid. 



Fig. 11-00 

(a) Infrared aprcira[or acetic, (t) surrinlc, and 
(r) phlhalir anliydride in tlie vCO region. 


In anhydrides of unsaturated 
1,2-dicarboxylic acids the effects of con- 
jugation and cyclization seem to coiii- 
pcns.'itc each other and the frequencies 
of tlie doublet cannot be readily dis- 
tinguished from those in acyclic anhy- 
drides. Maleic anhydride absorbs at 
1835 and 1770 cm"* and dimethylmaleic 
anhydride, at 1812 and 1757 cm"* [80]. 
The intensities of the two bands show the 
same behavior as in succinic anhydride. 
One or two methyl substituents at 
the double bond reduce the frequency 
of the weaker absorption by ca.SOcm"* 
(see Methyl and Dimethylmaleic an- 
hydrides). Compensation of conjugation 
and cyclization effects is also observed 
in anhydrides of aromatic 1,2-dicar- 
boxylic acids; for example, in phthalic 
anhydride the two hands occur at 1845 


and 1775 cm"*, and the anhydride of naphtiialene 1,2-dicarboxylic acid absorbs 


at 1848 and 1783 cm"* [76], In the latter case the distance between the two 
bands is smaller [79]. 


Figure 11-99 shows the vCO region in spectra of acetic, succinic and 


phthalic anhydrides [81]. Variations of relative band intensities and frequencies 
can be observed. 
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In anhydrides uf a*halogr.n8ted acids, both bands are shifted toward higher 
frctfuencios; for example, trifluoroacetic anhydride (F,C— C0)(0 absorbs at 
1884 and 1818 cm"^ [76], 

A band occurring between 11 GO and 1250 cm"^ seems to be charactcristie 
for all cyclic and acyclic anhydrides (82]. 

D. PEnAClDS, PERE.STERS, AND I>EnO\lDLS 

Peracids (,529) and peroxides (,530) are derivatives of hydrogen peroxide 
and are formally obtained by replacement of one or both hydrogen atoms by 
aryl or ariiyl group. In jwresters (S3J) one of the hyilrogeii atoms is replaced 
by an acyl or aroyl group and the other one by a group R' alkyl or aryl. 

n-co-o-o-ii n-r.o-o- o-oc-R' r-co-o-o-r' 

fSS9) (XSO) (SSt) 

Charaeterislie bonds in these eompounds are the 0—0 linkage and C~0 
bonds ill the aryl group. The absorption of the 0- 0 bond in hydrogen per- 
oxide or in DjOj is weak. The band orcurs at 877 rnr* in II^Oj and has appro- 
ximately the same position in D^Oj. |8.S]. In orgnnie derivatives (529) (530) and 
(531), a weak absorptinn is expected in this region. However, it is difficult to 
identify since both its ina.ss and force conslant ore verj’ rln.se to those of C— 0 
and C - C bonds, and it cannot be dislingnisbed from absorptions arising from 
these bunds. In a number of peracids the 0 0 bond has been n.ssigne(l a liand 
between 8.'t(t and 85)0 rm”' tbe .same as in hydroperoxides [8t, 85]. In turn, 
C-0 and Oil absorptions are charaeterlstie. Their frequencies an* .shifted dut 
to the influence of the two adjacent oxygen atoms. 

Acyl peroxides RCO -0-0 -OOIl', where It and K' are the same alkyl 
group show two strong bands in the C—0 .stretching mode region; 1810 — 1820 
and 1785- 1705 cm”^ The dislance between the two components of the doublet 
is ca. 25 cm“*. Aroyl peroxides, with R, It' aryl, ab.sorb at 1780—1805 and 
1758 1781 enr^. In mixed acyl arovl peroxides (530), with R= alkyl and 
R'-- aryl, the frequencies of the two bands lie in the range 1796—1811 and 
1771- 1786 cm”*. Frequencies of some acvl, aroyl, and mixed peroxides are 
.shown in Table 11-197. 

The presence of a doublet in the vCO region was attributed to a coupling 
between the symmetrie and aiitisymmetrir vibration of the peroxidir system 
[86--88|. A splitting of the same type .iLso oreiirs in anhydrides, but here the 
dhstanre between the two nhsorptions is miirh larger (ra. 60 cm”*) and is 
attributed to elertrniiir effeels f80|. Absorptions arising from peroxides occur 
i«l higher frequencies and the liaiids are sharper than in anhydrides. 

In mixed acyl-aroyl peroxides the two ('---0 absorptions have different 
frequeneios (unperturbed). Acetvlbeiizovl peroxide CHjCtJ -0 O-OCCjIIj 
shows an absorption at 1811 cm"* (Table 11-11)7, Column 1) which may be 
assigned to the acetyl group (analogous to tbe 1808 cm”‘ absorptions in 
CH^CO 0 -0 OCClIa) and a second .nbsorpl inn at 1779 rm”' (Column 2) 
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Table vCO Irt^enelM 1 b |NVdxlte [88] 




l\CO group 


Solvent 


vCO inran 


Aliphatic 

Acetyl 

Ortanoyl 

Lauroyl 

Mlrlstoyl 

Stearoyl 

A r 0 in a I 1 1 * 
Phthaloy] 
p-Nitrobenzoyl 
j>-lodDbenzoyl 
p-BromnbcnzoyJ 
p GhJofobenfoyl 
p*Fluorobenznyi 
Benzoyl 
p-Toluoyl 
p-Melhoxy-bcnroy] 

M Ixed 

Arotyl-bcnroyJ 

Straroyl-benzuyl 

Brnroyl-p-nitrobcii/uyl 


C,H,C0-0-0 -OCC,!!,). 


Diuxaiir 


1820 

1796 

21 

1808 

1812 

178G 

26 

1709 

1811 

1786 

25 

1798 

1811 

1786 

25 

1708 

1811 

1786 

25 

1798 

1800 

1784 

26 

1794 

1799 

1779 

20 

1789 

1792 

1771 

21 

1781 

1793 

1771 

22 

1782 

1787 

1765 

22 

1776 

1789 

1778 

21 

1778 

1789 

1767 

22 

1778 

1785 

1763 

22 

1774 

1780 

1758 

22 

1769 

1811 

1779 

32 

1795 

1811 

1786 

25 

1798 

1797 

1773 

21 

1785 

to thp 

1778 cnri 

absorption in 

ides the frequency 

does not var)' 


with the chain length of Ihc alkvl group. In parn-substitiited hcnzoyl peroxide** 
a slight increas.0 in mean froqiu'iicy is observed for electron accepting substi- 
lueiiCs (—7 and - E cflect) and a decrease in frequency for electron-releasing 
hubsliliieiits (111’ effect). Tins would tasor the hypothesis that the vibration 
is sensitive to electronic effecl.s. As expected, the infhcnce is stronger In the 
asymmetric sihratiuii. ( I, -E effect in /i-nitro ef. I, -f/i effect iii 
p-mellioxy). 

Pere.slcrs R CO- 0 0 IT show a .single vCO absorption between 1758 
and 1783 enr* (Table 11-108), occuinng sometimes between 1747 and 
1820 cm“^ [88]. Tlie cliararterislie frequency is readily clistingui.shable from 
the vCO frequeiiey in normal esters (1715 - 1705 cnr*). This band is frequently 
used to determine tiie amount of perester present in a reaction mixture. 

Tatle 11-19! rhaneterisCte vCO trrfUMeln iu fereitm 
and paraaldi [SB] 
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In perbonxuic acid the strong absnrptiuii nt 1732 cin~^ corresponds to a Cs^Q 
bund perturbed by hydrogen bonding (lor tlie free group a frequency of 180 cin~^ 
should l>c expected). 

Ill the vOH region the hand hI 3250 rin~^ rorrespouds to the vibrutUm of 
ji lioiided OH grouji (prolinbly liy intnintoleeular hydrogen bonding). Studies 
of relationships between the vCO frequency and the strength of 0—0 bond, 
i.e, the rase of deromposition of ]ieroxides, linve shown that tin higher the 
vCO frequeiipy, the weaker the 0- 0 and tlie 0 -H bonds [88]. This is in 
agreement with the cheinieal proporties ol these eompouiids. 


h. AMIUE.S 

The fuuetional group of amides has a strong internal p-it coiijiigntion repre- 
sented by strueliires (532) and (o-lS). 


n c' < * n -c; u- r , 

^NII, 'NH, NIJ, 

(iJH) (S33t 

The greater niohilitv of the unshated elerlrons of iiilrogen rompured to 
oxygen and the less elertroiiegative rharnrler oi nitrogen favor slruelure {533). 
lieraiise of this the (i 0 bond onler deereases, while the C- N bond order 
increases, 'lliis lesulls in a decrease in CO frequency and an increase in C— N 
ireqiienev. 

.\s legurds the stnirlure of the CONlfg group which is well-established 
both on theoretical and experiinenUiI grounds (81>1, infiareri sjieelrosi opy heljied 
to confirm the umidie struelure {53'i) and to lule out the tautomeric isoamidic 
struetnre (53 f). 


1) 

liH 

II- (,' 

^ R-C 

'Ml^ 

NM 

flJ"/ 

liU/ 


In Iho inesomeric amide anion participation of structures (d-'iJ)and (5^) 
is approximately equal (the same as in tlie earboxylate anion). 


.. 0 : 




,U; - 


H-cr * " H--r 

^NH Nil 


(SSf) 


ftjej 
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INKHAHKD SPECTRA OF ORC.ANIC COMPOUNDS 


Because of rniijngation, the amide group is planar. Free rota lion of the 
partially double C -N bund is hindered. This leads to cis-lrans isomers (5^7)— 
(53ff) [891. 


:0, 




^'C -N'' 
/ ‘ \ 


:o Hi ^It, 

lb Ib U Hj 

I ■ 


fiJfJ fSJSJ (519) 

Amides have been cxlcnbively studied in the infrared, in ronne<;tinn vvith 
the strurtiire of penicillin [90], the amidie linkage in peptides and proteins 
(91-93], and in urea derivatives [94]. Assignments of vibration modes have 
been discussed in several papers, and no general agreement seems to exist 
(95-192]. The difficulties arc concerned with variations in frequency due to 
the various possibilities of conjugation mentioned above. 

Charnrterislic frequencies in amides arise from C— 0, C— N, and Nil bonds 
(in primary and secondary amides, .spectra of tertiary amides do not show the 
strong absorptions of the Nil grnu])). The absorptions occur in three regions of 
the .spectrum: 3050—3550, 1170 -1700, and 1300 -1100 cm”’. The first two 
are the most important. 

Bands in the .3000 enr’ region arise irom N - H stretching vibrations in 
Nflj and NHIl groups. Primary amides (as w'ell us primary amines) show two 
absorptions, enrresponding to the iisymmetric (.5/1/) and symmetric vibrations 
(541) of the NH, group. Secoiidarv amides .show a single band which in some 
instanees is a doublet. 




n— CO — N ' 


im) 


r. 

R— ro - N$, 

'‘H 

(141) 


Spectra oi .secondary amides n'corded in suliition show two bands, 
due to ris-lranx isomerism [(J.J.S') -(J3.9), llj-=ll]. 

Hydrogen bonding beHeeii C-^0 and N- H groups results in large band 
shifts, mainly in .spectra of amides in the, solid stale (102a]. The degree and 
type of bunding can be followed in spectra of solutions at various concentra- 
tions. As in the ease of hydroxyl compounds, the shape niid position of absorp- 
tion bands are of primary impnrUiuee in the detenninutioii of molecular struc- 
ture and configuration. 

Ill the 1170—1700 cm”’ region, all amides show characteristic bands. 
Their iiiiinber is determined by the stniclure of the molecule. The origin ol 
these bands is not yet completely understood. The mo.st important contribution 
is that of Ihe C =6 stretching vibration and of the N— II deformation vibra- 
tion. The following terminology is rommonly u.sed; amide / band, assigned 
to the C 0 sticiching vibration, nniide II band, assigned to the Nil defor- 
nialioii Mbriilion, and arnidr III hand, a.ssigned to the C-N stretching vibra- 
tion, coupled with an Nil vibration [22, 97, 98]. 

In recent years a strong trend has developed to treat the -CONIIj 
group as a complex vibrational entity, involving stretching vibrations of 
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th? C—0— N group and defomnlion viliratioUK of the Nil, or NH group 

1100 - 102 ]. 

Chocking of oiiipirical assign lUoiiLs by isotopic labeling has confirmed 
the major contribution to the amidr. I hand is duo to tlio vCO vibration. The 
origin of amide II and amide III band.s is rontrovorsial 1101—102]. 

A band occurring at ca. 700 cm~^. only in spectra of bonded secondary ami- 
d('.s, is assigned to an ouf-of'plano dofomialion of tho NIT bond and is known 
as the amidr V hand. 

Amide /V and umide VI bands liavr been assigned to skeletal vibrations. 
They occur at ca. (iOO rm”^ in .secondary amides and at ca. 1400 om“^ in 
primary ;miide.s [O?]. 

1. Primary amides 

a. vX][ vibration. In dilute .solution primary amides absorb at ca. .3415 
and 3530 cm~* as a result of symmetric (5/7) and asymmelrie {o-iO) stretching 
\ ibralions of Ibe Nil, group [08, 103]. 

In saturated alipliatir amides witli 2- 12 carbon atoms, the syin vNlI 
frequency lies in the range 3410- 3413 cm“^, and the asym vNIl frequency 
occurs at 3520-3532 ciir’ (in ehloruform) [08]. Band positions are not sen- 
sitive to rbain length or branehing. Isobulyramide ab.sorbs at 3528 and 34 12 ciir^ 
and isovalerylamidc, at 3529 and 3412 cm“*. 

The intensity of vNlI bands in alipliatir amides is higher than ’ii the 
coi'res|)oiiding alipliatir amines. 

In phenylarrtamide the asym vNII frequency is 351!> enr^, while the 
sym vNU in 3407 eiir‘. In trichlornacclamide tlie frequeiieies are slighlly 
lower: asym vNH is .3517 and sym vNH, 340.3 cm"^. 

In roncentrated solutions or in the solid state, hydrogen bunding results 
in shifts of vNFl hands Inward lower frequeiieies. On progressively increasing 
the eoiieenlration of sinijile amides in chloroforni snlnlinn, the free vNH hands 
ill 3.330 and 3415 vanish rom])letely. being replaced by two inrreasinglv 
stronger, relatively narrow, baiuls at 3108 and 3182 cm"'. Tliey an acconi- 
puiiied by two weaker bands: 3.315 and 3300 em”’ |08, 101). These absorp- 
tions are elinriuleristir of intramolecular hydrogen bonding. 

1). vC! -0 vibration (amide I band). All primary amides have strong 
alisorplioiis between 1650 and 1715 cm~*. The position and intensity of this 
band depend on Die imlure of the solvent and on coiireiitratinn. Its a.ssignment 
lo a fninlameiilal vibration mode dolenniiied essentially by the C=0 lin- 
kage is jmslifiahle. This hand is known as the amidr 1 hand. It ncrurs in dilute 
sitlulioiis at 1675 I?].*) em~’ and in ronreiitrated suliilions or in the solid 

state at 1650- 1670 em“'. A derre.ase in frequency in the cry.stalline state 
is due to lattice forces. 

Ill straighl-cliaiii n-alkj lamidcs CH,- (CH,),, - CONH,, siherc ii— 1...10, 
dilute solutions hi ehloroform absorb at 1679 cm”’. The dependence of band 
positions on solvent ran he seen by comparing .spectra of hexaiioic acid amide 
in diuxaiie (1692 cm"’), ehloroform (1682 cm”’), .’iiid methanol (1672 em”’). 
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Tiu' towciil frciiufiicy is ubscrsTd in nu*iliaiiolir solulions, wlipro alrohnl> 
nmide bonding is possibli*. In the solid stnti* (KBr) these rnniponnds absolb 
at 1655-lfi67 enr^ (105] (Fig, IMOO). 

Acetiunide shows speeinl behavior. In the solid state it has a single 
band at lOlM rin“^ (in nujol) or al 1G7!I in KBr |22, 95, 105, 10(5|. 

Spectra recorded in solution show a 
doublet with the two components at 
1711 and 1095 rm"^ in carbon li'tra- 
rhloride, at 1709 and 1081 enr^ in 
neetonitrile, and at 1700- 1078 enr' 
111 rhloroform [104]. In higher aliplia* 
tic amides in eoureul rated solution the 
band becomes broader and the frequen- 
ry decreases. In hexauoic acid amide 
the 1C55 rm"' band coiresponding to 
the solid stab* occurs at 1668 cm"* in 
concentrated solution and at 1680 rnr^ 
ill dilute solution. 

Band shifts toward higher frequen- 
cies on jiassiiig from the solid state lo 
dilute solution have been attributed 
to a larger ronlribution of the amidie 
strnelure (-J,Jii), ralhei than of tlie polar struetiirc (•5.?3). The latter is favored 
in the solid slate, dm* to Indrogcn bridges f, 0..,1T N, resulting in a lower 
C 0 bond order. 

The sensitivity of this ahsoiption to experimeiilal romlitions makes 
comparisons possible only in s])eetr!i recorded under identical conditions. 

Charaett*ristie frequencies of some amides in the solid slate (KBr) aic 
.shown in Table 11-199. 

The iiitegraU'd absoiption of aiunialic amides (ll,10”®~218) is higher 
than ill aliphatic eoinponnds (B.Uri.-. \ 13^, jhis is berause of ronjngatioii 
of the — CONlIj group with the aromatic ring enliancing the polar eharnc- 
b'f of the C-0 bond. 


Table II-/S9 (AHrarlrrMio frequrnrln (enr^) in amides |22] 


Coni[K)tiiifl 

Amide I band 
(»CO) 

Amide II band 
(«NH.) 

Anildp in 
band 

AceUmidp 

1679 

102‘i 

1305 60(1 

Proplonamidp 

1670 

1637 

1425 823 

n-Dutyramide 

1667 

1641 

1439 813 

Drnzamide 

1663 

1631 

1408 793 

p-Nltnibenzamldp 

1673 

1620 


p-Meihoxybenzamldc 

1676 

1624 


p<«Chlorobenzanilde 

1667 

1628 


p-Aminobenznmide 

1623 

1605 




Fi|; Infrareil spi-rliuiii'of lusnnoiu 

arid auiidr. DoUrd Iiuf-suIiiI stale; 

■ - cmireiilralrtl soluliun in dIKM,; 
solid line dilutr solulinii 10 CTIGl,. 
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In the solid state, frequency differences between amide I bauds in the 
aliphatic and aromatic scries are not ri'adily noticeable, b'or this ivasou, 
relationships between vCO freqneiipy or absorption intimsity and the elec- 
tronic effect of substituents have been studied in solution. Benzamide has 
been the most extensively investigated. Spectra of bcnzamide-^O [101], 
bcnzamidc-*'N, and benzamide-D, (C,II,CONI)t) [100] have been compared 
in solution and in the solid state [102]. In carbon tetraehloiide solution 
the amide I band of normal free benzamide occurs at 1600 cnr*. In the O^*- 
-labeled compound the frequency of Lhi.s li.ind decreases by 21 cm~* (16t>6 cm”’), 
a value comparable with that due to an isotope effect in bciizopho- 
nnnc-’*0. This is a furtlier aripimeiit for a.ssignmriit of the amide I band 
to a vibration of a predominantly vC -0 character [101, 107|. Another strong 
argument is the fact that in N”-laheled compouml-s the amide ] band re- 
mains unchanged, whereas the amide II hand is shifted because of an isotope 
effect. In tlie liquid state hydrogen bonding and dipole inti'ractions result 
ill a large decrease in vCO frequency (lo 1020 cin~’) [112, llOj. 

In rarboii tetrarliloride the vCO band inU-nsity of CjIIf,C’'*()Nll, is 20% 
higher than in C,Il 5 C'*ONn,. A siinilarri.se in intensity (15%) is observed on 
isotopic substitution of the C--0 group in benzophpnone-’''0 jlOOj. In chloro- 
form no intensity changes between the normal and lalieled compound are ob.ser- 
vrd. II is assumed that in this case interaclions between chloroform and beii- 
ZHmide-’*0 and-**0 are different [101]. Table 11-200 shows the intensity of 
amide I bands in C,HjC’»ONIIs ami G,IljC'''ONnj (22]. 


Tabtr 11-200 Amidr I band ljilen«%lllrM in lahrlled lifiizaiiildctt 


Molar 


( fiinpountl 

rirquPiiry 

1 liickiicu 
of la^pr, 

mm 

riiiircji 
Iral ion's 
d/i 

Solvnil 

Optiral 
df unity 

pxl Inction 
coefflnent 

1 mole' ^ 

C|II|C*'ONIi, 

1690 

20 

0.0&2 

CGI* 

0.440 

520 

r„H,C“ONlI, 

1660 

20 

O.0B.S 

lieu 

0.479 

080 

r,,H,C>'ONH, 

1675 

1 

1.40 

CllGIg 

0.C61 

578 


1655 

1 

1.30 

cncij 

0.6t 

690 


O 

r 

I' 


/ /\ 

II Cl n H 

(U2) 

The influence of a halogen atom in the a-position on the vGO frequency 
i.s diffieult to study in amides because of reduced solubility and of hydrogen 
bonding in the solid state. However, the halogen atoms seem to have a different 
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rffoct from that in cslrrs or ketinics. Monochloioacclamide absorbs at 1653 cra~'‘ 
(in KDr) and monniudoarotainidc, at 1G71 rm~’. Trichloroacelamida CIsC — 
—CONI I, absorbs at 1703 cnr^ in the solid state (in KBr) and at 1732 cin*^ 
ill 0.01 in solution in rhlororomi ( 8 , 22, 105]. The freqiiciiry increases with 
the miniber of halogen atoms. 

It is assumed that in solution and in tin* solid state the conformational 
isomer (S4S) is present. It is favored due to iitlramoleeiilar Cl ... N— TI bund 
and electrostatic repulsion between chlorine and oxygen [7, 110]. 

r. Amide 11 bnnd. In the 1580 - -1650 ritr‘ region primary amides show 
a serond, weaker band of vaiiablc position, depending on the solvent and the 
stnicture and physiral state of the amide. 

In spectra of .straight-chain alkylamides CMg -(ClIglH CONII,, where 
n^l, 2, ..., 10 , the uhsurplioii occurs at 1588 - 1.500 cm~' (in dilute chloro- 
form solution) [105]. 

The intensity of the amide 11 liaud is twice or three times less than 
that of amide 1 hand (emJ!r~ 180 ... 210 ) [90]. The intensity of this band decrea- 
ses in more concentrated .solntinns, whereas the frequency increases. Solid alkyl- 
amides It - CONHg with ‘i -12 carbon atoms absorb at 1620—16.50 ciir^ 
[105, 111 ]. 

The amide 11 band oeeors only in primary and secondary amides with 
two hydrogen atoms or one hydrogen atom, respectively, on nitrogen [96]. 
It does not oeeur in tertiary amides. Fortius reason.Miy analogy ^ilh the N- 1 1 
deformation vibration in amines, the origin of this hand was a.ssioeinted with 
a deformation of the N~II bond [96, 105. II1|. 

Some authors have suggested more eomplirated assignmeiils for amide I 
and amide II hands, involving botli C— 0 stretching viliralioiis and Nil defor- 
maliou vibrations [93, 111], 

d. Ollier vibrations. .S])celia of primary ninide ronsistmitly sliow a 
hand at 1399— ltl8 nir^ (95, 97, 100 ], not observed in spi-ctra of secondiirs 
and tertiary amides. This absorption is a.ssigiied to a C - N \ ihralinii; however, 
its analytical value is not significant. This band oerurs at 139.5 em"* in aceta- 
mide (in KRr) and at 1 125 enr* in propioiiamide (in KHr) [ 22 ] or at 1375 cm"' 
(in CCI 4 ) [ 101 , 102], Its inteii.sity rhaiiges in '"0 labeled cumpounds [101 j. 
Some workers assign this band to a vilmiLiuii inv(dviiig botli C N .sln-t- 
ching mode and Nil defni'niatiflii mode [95, 97). 

2. Secondary amides 

a. Nil slrntching vibration. In dilnU* solution serimdary amides show 
a single absorption in the. Nil .stretching vibration region, assigned to free 
N -11 bunds (112|. iV-nlkylainidcs and cyclic iniides in chloroform solution 
alssorb between 3100 and .3170 cm“^. N-Arylamides ahsorh at .3500 enr^ The 
intensity of the free vNH baud decreases in concentrated solutions, lu the solid 
state the band vanishes, but two new bands appear instead: 3280 — 3330 and 
3060 —3100 enr*, n.ssigned to hydrogen-bonded innlee.ules [3i, 98, 103]. 
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N-Methylacetamide absorbs nt 3465 and 3340 rin"* (0.07 M solution id 
cbloroform) and at 3465s, 3330iu, and 3090w cnr^ (0.3 M solution), At 
higher concentrations, the intensity of the 3465 cni~’ band decreases while 
that of the 3330 cm”^ band inereaseis .substantially, and the 30110 cm”* band 
becomes belter defined fl)6] (Fig. 11-101). 

The absorptions of bonded forms have been extensively studied in peptides 
and proteins [113, 114]. The origin of the bands is still under discussion. 



Fig. 11-101 Infrared iprctnim of A'-metltylaceUmldo In the N— H region nt various concen- 

Irntions In chloroform. 


Tlieir intensity varies from a to forms of polypeptide chains. The bands show 
dichroism. The two absorptions are assigned to N— 11 ... 0=C and not to 
N n ... N hydrogen bonds [96]. 

vNH absorptions have been suggested lor the identification of cts and 
liaiis isomers in substituted amides [103, 115-1 17]. ri.s Forms (543) have lower 
frequencies (3420 - 3440 cm"^), whereas Irons forms (544) have slightly higher 
frequencies (3440-3460 cm”^) J103]. 

It K 

\ r 

N 

\ 

O ns M 
(t/1) 

Using these criteria it has been established, that N-phenylbenzamide 
C,HgCONlI— C,I1( with a single absorption at 3440—3460 cm“* is in the tnns 
form exclusively. The same is true for N-methylacetamide CHj— CONH— CHj. 
In sterically hindered amides (e. g., N-MiutylphenylaoetHmidp) the predomi- 
nant form is ci-v (70%) [117]. 

b. vCO gtretching vibration (amide I band). Tbe vCO frequency in 
secondary amides R— CONII— It' dejumds on the nature of groups R and R', 
the physical state, the concentration, and the nature of the solvent. The lowest 
frequency is observed in the solid state because of hydrogen bonding. Amides 
where R and R' are alky] groups absorb in the solid state at 1640 cm*^ [90, 
95, 96, 105, 106, 118]. Indioxane solutions the band occurs at 1675— 1680 cmT^ 
[96], In chloroform, N-methylacctamide absorbs at 1671 cmT^ with 


II II 

c-s 

\ 

O Iruru K 


(»//) 
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an cbux =55') |105). JV-Arylamides hnvp hifihrr Iroguoncics under the sam<^ 
(’Auditions. I'ho iiicn'Hse iii freqtieney is due to ruiijiigation between the benzene 
ring and the nitrogen atom. This weakens the internul mnjugation of the CO— 
- Nil gn»up, increasing the C=0 bond order (545). In JV-alkyl derivatives 
the internal conjugation (545) is favon’d. Substituents in the benzene ring of 
N-phenylacetnmides affect the vC— 0 frequenev by favoring either strueturo 
(547) or (545). 

Hlectrou releasing substituents with a .strong +4i effert reduce the fre- 
qiieiicy, where.i.s snlsstituents with I, - E effects iiicn’ase the vCO frequency. 
Table 11-201 .shows freiinencies of nniide 1 and amide II hands in parn substi- 
tuted nc(‘tnnilides |22]. 


n 

11 I r V 

-r- NH — i'=r< 

1 

II 1 ^ 

-t'-NIl— 

(MS) 

(«•) 

•b . 

(>• /' ) 

n-c— Ml 
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strong Reflect jvCO weak I f vCi) 

strong- I 1 vCO docs not cbiiagr 

strong - 1 effect | rises strong -| R \ falJs 

weak E \ or rl^es sUgliUy 


Tahlt Il-tOI I'requearlea of amUe 1 ■ndamlie 11 lMin4> (ran'*) In subutUutel 

■relanllKM (la KBr) 


Fraquency 


Lompoiiiid 

Formula 

Amide 1 

Amide 11 

Acetanilide 

CHj-CONll-C,H, 

1670 

1561 

p-Methy lacetaii ilide 

CH, -CONII -C,ll|Cll3 

1671 

1539 

p-ChloroaccLuiiilldi 

Cll,-C0NH-C.H4C1 

1673 

1545 

p-Nitroacplanilidc 

CI1,-C0NH-C,H4N0, 

1686 

1585 


It should he pniuled out that the decrease iii frequency of the vC- 0 
(ntnide I) bund is ticcompanied by an iucrea.se in frequency of the amide II 
bund. In secondary timides of aroiualic acids, the vC=() vibration is altered 
both by the effect of the aromatic i iug and the group R' attached to nitrogen. 
JV-Phenylbeiizamide has a higher frequeuev than AT-alkylbenZamide, due to 
the (onjugnliou mi’iitioned in the case of N-phenvlamides of ali]>hatie acids. 
C,1I,- CONII CjIIj absnibsat Ibii.) cm ', nud'f;,!!,- CONII- ClI*- Cjllj. 
at 1551 tnr' (KBr) 122 j. 

In p,p'-disubstituted A'-pheoylbenzaiiiides Y- C,ll 4 - CO- Nil- Cjlli-X, 
the eh’clroiiic cffecl of substituents X oud Y alters the amidic conjugation 
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favoring structures (SS2) or (JiSS), Elfctrou releasing groups reduce the G««0 
bond order favoring strurtun* {533) and the freqnenry rtecreases. In the p, 
p-dimethylamino derivative (X~-Y— N(CHs),), the frequency decreases to 
1035 Electron attrartiiig groups favor structure {532} and the frequency 
jnereases. In the p, p'-dinitro derivative (X - Ys=NOj), the frequency increases 
to 1635 cnr*. If X and Y have opposite effects, they eompensati* each other 
and the vC— 0 frequency remains prarticully unchanged ef, the nnsubstituted 
compound [1181. 

c. Amide II bandi In spectra of srcuudary amides the second absorption 
known as the amide 11 band occurs between 1475 and 1580 cnr^. Its intensity 
is lower than that of the amide I band-s. In A'-aJkylamides of aliphatic acids, 
it occurs lit 1530- 15t0 enr^ (dioxaue solution). Because of its position and 
intensity, this band can lie distiugulslied from absorptions of primary amides 
(1615—1620 rnr^). In the solid state the frequency decreases to 1560 cm*^, 
and the band posiliun is nuicli mure variable than in spectra recorded in sd1u< 
tioii (96, 119J. The fri'quency of the amide II band in .solution is lower than 
in the solid state, up]>osite to the behavior of the amide I (vCO) band, 

The origin ui this band has prompted many discussions [22, 105J. It has 
been assigned to a C- NorCs^ N stretrhing vibration or to a N- II deformation 
vibration (by analogy Viith the UNIIg vibration in primary amines [96]). In 
this instance denteratiun experiments were not conclusive. On progressively 
replacing the amide hydrogen atoms by deuterium, the intensity of the amide 
11 band decreases and two new bands occur: 1470 enr’ (strong) and 1130 enr^ 
TJiey were assigned to N— I) deformation vibrations (90, 120J. 

The assignment of tins band to a C— N stretching vibration with a marked 
double bund (C=N) ehnrneter seems to be favored by the iiicn'ase in frequency 
and hand intensity. On the other hand, the amide 11 bond does not occur in 
tertiary amides. 

jy-Methyl acetamide alisorbs at 1490 cm~^ and in dilute chloroform 
solutions at 1533 cm"’ ( eClfi. --200). Because of its sharpness, tins band was 
assigned to the moiiomeni- fonii [121] in conlradiction with some authors 
who assign it to the dimer [120]. 

In the ca.sr of secondary amides (exUmsively studied in coiiiiectiun with 
peptide sti'uetures) a more plausible interpretation seems to be that in whicli 
the amide II band is considered to arise from a complex vibration that invol- 
ves all the atoms of the group [100, 101 J. 

The peptide bond involves an n]ipn'eiable inleriuil eoiijugntion that can 
be perturbed by rotation about the C - N bond and by sLeric factors inhibiting 
the coplanarity of the system. 

d. Amide 111 band. Serondnry amides base n weak absorption between 
1290 and 1300 cm"’ assigned to vibrations involving 0 G -N and N— If 
bonds [92, 93, 109, J22, 123]. The position of this absorption is altered on 
deuteration and change in physical slate, which demonstrates the contri- 
bution of nitrogen and liydrogen atoms to this vibration. 

e. Amide IV and amide VI bands. Absorptions of secondary amides 
in the low freqnenry region (at 600 and 620 cm"') [109, 118, 123, 124] are 



448 


iNrHAnED SPECTRA OP ORGANIC COUlPOtTNDS 


assigned to skrlrtal vibrations; however, they are not sufficiently characte- 
ristic to be used fur analytical purposes. 

f. Amide V band. 11118 absorption at ra. 720 occurs only in landed 
secondary amides. It was assigned to a Nil deformation [123]. N’Methylnce- 
tamide (dilute chloroform solution) shows a baud nt 648 cm"'. On deuteration 
the band vanishes, being replaced by another one at 530 cm'’ [123, 125). 
This bund occurs both in polyamides and proteins. 


3. Tertiary Amides 


Tertiary amides show a single absunttinn in the 1550 — 1650 enr^ region 
arising from the stretching vibration of the C-0 bond. In rompounds 
]l-GONH]^Kt (U=Ui=Ki=alkyl), the band occurs at 1650 em~‘ (in dioxane) 
|06|. The frequency varies with the nature of the solvent. It decreases in more 
polar solvents capable of hydrogen bonding. vCO frequencies of N,iV-diethyl- 
acetamide in dioxane, chloroform, and methanol are shown below. 


C,H, 

Dioxane 

Ghloroform 

cii^-con; 

— 

— 

\ « 

1647 

1620 ciu~^ 

C,H, 




Methanol 


1616 Bni~* (broad band) 


In N, N-disubstituted amides, which lack the amidic hydrogen atom and 
hence the possibility to form hydrogen bonds, the vCO frequency does not 
vary with physical stale [96]. The only noticeable phenomenon is broadening 
of the band when alcohols are used as snlvcuts. 

The position of the vGO band is afferled by the H group of the .scid and 
by the groups II^ and H, attache*] to nitrogen, as in the case of the other ami- 
des [22, 126]. 


^Ikyl 

Altyl CO .S\ 

Aivl 

Mkvl 

/ 

r.o \ 

' Alkvl 


\\JKyJ 

IliriOriii 1 


Ili4l) rni * 

^Alkyl 


Alkyl 

i.n K 

Mkyl-CO N 

An I 

viyi 


' \ivl 

IhtiT 1111 * 


111 >(] 1 Ml * 

^Aivl 


Alyl 

Alkyl (.0 

^Aiyl 

Aryl 

no N ^ 

\\ivl 

1C77 iiir^ 


likM) nil-* 


The effect of substituents on the G^O bond order can be seen by compar- 
ing the frequencies shown. Variations correspond to the / and E efforts of 
these groups. 
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IB Bryl -^CO— compounds, conjugation of the C~0 group ivith the ben- 
acne ring results in a decrease in vCO frequency (Table 11-202). In N-arj'l 
compounds, the phenyl group is conjugated wi^ the unshared electrons of 
nitrogen, favoring the enrbniiyl strnetnre. The vCO Irequenry increases. The 


Tabir IJ-tOt Frrqiinirin i»t I, II, snS 111 biiiSii In Inrllnr 
nniidfi [22] 


(Aimpoiinil 

Aniiili* 1 

Amlilf* 11 

Anilile 111 

XU. 

C,H|CO-N< 

XU, 




JV, JV-Dinii‘ihylbeii 2 a- 
nildp 

XII, 

CU,-CO— N< 

\c,u. 

]r).S9 (312)* 

1390 

1269 

N-Mcthyluci-lanllide 

XII, 

C,II,CO-N< 

^C,U, 

(3.14)* 

1429 

1299 

A'-M et by Ihrnzsn IJ Idr 

1C49 (430)* 

1422 

1394 

* J«) 





I 1 elferl of Uie !ilk>l gioiij) lowers Ihe feequenry. In N-meLhylbciizanilicie 
the two effects compensate each other to a certain extent and the frequency 
has an int«Tmediate valne. 


4. Cyolie Amides (Laelnins) 

Laetams arc cyclic amides of aiiiino acids and .sJiom some charnrteristic 
absorptions associated with their cyclic nature. 

a. vN— H vibrations. In dilute solution spectra of lactams .show certain 
analogies with tho.se of acyclic secondary amides. They have a band at 3420 cm”^ 
and another band at 3220 rm“' of vaiiable position dejiending on concentra- 
tion [127]. 

In the solid state this absnriition occurs at 3157 enr’ and is acrompaiiicd 
bv a weaker hand (ci. acyclic amides) at 3080 cni“^ assigned to a bonded form 
[128]. 

Because the absorption at 3175 enr' occurs only in cyclic sccondarj' 
amides it was a.s.sjgned to the bonded ri.s lonn { 5 ^ 9 ) [129— 131 J. 
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The band occurring at 3280 riu~^ in aliphatic chains was assigned to the 
irons bonded form 

In laige rings (c. g. uiue-membered) which can exist also in the iran.s' 
form, the band reappears |129, 130]. 

b. vCO vibrations. The vCO frequency in lactams depends on ring size. 
Lactams have been investigated exfa'nsively with regard to structures of natural 
products (mainly penicillin) [95. 128, 132, LTIJ. 

Frequency shifts in various! actam rings, cf. normal values in acyclic 
compounds are, listed below. 

Number of utoma AvCO, cin~> 

t +31 

• -13 

1 -13 


1. Laclams with 5,6 and 7-memberedrings, The vCO frequency is higher 
in the strained five-memhered ring (y-lactam-s) than in larger rings |53, 129, 
131]. It varies with solvent and physical state (see Lactones). 


H 

/\ 

KJ-o 

O-o U-0 

h 

u 

(Ml) 

H 

(«*) 

XI 

(Mi) (Mi) 


In the vapor phase y-butyrolactam (551) absorbs at 1754 cm"^ [93]. In 
the liquid state or in solution the frequency varies between 1680 and 1706 em~^: 
1680 in the liquid phase [134], 1690 in chloroform [130, 134], and 1706 incarhon 
tetrachloride [131]. In the six-membered ring of 8-lactamB (552) and the seven* 
membered ring of e-lactams (553), the band occurs at ca. 1665^5 in chloroform 
and 1680:1:10 cin~^ in carbon tetrachloride. In the solid state (KBr), the fre- 
quency decreases to 1645 cm“^ [134]. 

2. Four-membtred ring lactams. p-Lnetams (554) have been extensively 
studied in connection with the stnicture of penicillin [128, 135]. In penicil- 
lins the vCO absorption occurs at 1765 cm~L In simple p-lactams it occurs 
at 1770—1786 cm~^ [136—1.38]. In condensed rings or in the neighbourhood 
of polar groups (in the a-position), the frequency increases [128, 132, 135], 
reaching 1800 cm~i in pcnicillin-sulfones and as high as 1900 cm~’ in other 
systems [133, 139]. 
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In unsaturated y t*laetams, the pattern is more complicated because 
Ilf ^e possible tautomerisin (f55)ae(f£d) 

-C— C— N— ^ oG-c-N— 

I I I 

0 II OH 

(55S) (S5S) 

Lactam forms absorb at ra. 1680 cm~^ In lurtnm forms the OH ({roup 
iibsorbs at 3413 rnr* |135]. 

5. Cyelie Imides 

Cyclic imiilps show frequency variatioiiK ileprndenl on ring size, the sume 
IIS anhydrides of dicarhoxylic acids. Imides show two vC=0 bands due to 
vibrational coupling of the two C^O bands. The symmetrical vibration has 
higher Irequcnries [IIOJ. Five-menibered ring imides have higher frequencies 
than those with strsiiii-free six- and seven-membered rings. 

Frequencies of some chiirHCterLslic compounds are shown in Table 11-203. 


Ttbk 11-203 vGO trequeurlw (rm~*) In eyrlle liiildM 


ilflitipoiind 




SUIe 

vCO syni 

vCO aiyin 

Hefemm 

Alkyl 

H, C,H„ 
Ut 

solid ill 
CHCI 3 

1779-1789 

1776 

1776 

1605-1712 

1718 

1718 

11411 

1142} 

Alkyl, 11 

in Kllr 

1751-1792 

1666-1736 

II43J 

11 

in CHGl, 

1772-1780 

1712-1736 

[140, 144] 

CH, 

in KBr 

1744-1775 

1686-1720 

[14S] 

CH, 

solid 

1723 

1672 

11411 


In a number of substituted phtiialimidcs linear relationships between fre> 
queney and Hammett-o constants have been observed [145]. 


E. NITRILES 

Nitriles are functional derivatives of carboxylic acids containing the 
group CrsN. 






4(1 iNtltARfiD SPfiiCVttA or OROAMIC COMPOUNDS 

The distributioD of electrons in the CN group can he represented by struc* 
tUTCS (S57) and (5d^. 

+ TT 

R-G=N: R— C»N: 

(fsr) (tss) 

In compounds where the CN group is altarhcd to on electron^releasiiig 
atom or group, structure (SSlf) is also involved due to possible conjugative 
effects. The larger contribution of one of the three forms is determined pri- 
marily by the nature of the group R. 

The electronegative nitrogen atom makes the carbon atom mure positive, 
and the polar CN group has a —J (electron-atti acting) effect on the adjacent 
bond. 

Measurements of interatomic distances as well as Raman and infrared 
spectra have shown that the predominant form is {&61) with a triple bond bet- 
ween carbon and nitrogen [146]. 

The infrared absorption of nitriles oecurs in the triple bouil region, bet- 
ween 2000 and 2300 cm~^. Increase or decrea.se in frequency of the C^N stret- 
ching vibration depends on the electronic effect of atoms or groups attarheii 
to CN [147]. 

For the first member of the series of nitriles of monorarboxs he acids, 
vibrational analyses have lH>en carried out in both the infrared anil Raman 
[148]. 

a. Hydrogen cyanide. The nitrile of formic acid or hydrogen cyanide 
II— CnN has the CN group attached to a hydrogen atom. In forming the triple 
bond between carbon and nitrogen, the carbon atom participates willi an 
sp orbital, determining the linear configuration of the molecule the same as in 
the acetylene molecule. Because of the electron-attracting effert of nitrogen, 
the carbon atom becomes more positive, resulting in an increase in frequenry 
and in intensity of the absorption. 

Theoretically the linear triatomic molecule of hydrogen cyanide has 
three fundamental vibration modes shown in Fig. 1-44 [149]. 

Ill vibration v^, the outside atoms oscillate in opposite directions, whereas 
in vibration v,, they oscillate in tlie same direction. To maintain tlie center oJ 
gravity of the molecule, the dirertion of motion of the rarbon atom in is 
opposite to that in Vg. This implies that vibration (2089 em~') has to be 
almost exclusively a C:_N stretching vibration, and vibration Vg (3312 rm~^) 
a C— H stretching vibration where the Ch=N group is nearly immobile. This 
vibration mode is a typical example of group frequency (see page U8). 'I'he 
doubly degenerate deformation vibration Vg occurs at 712 cm~^. 

Tabic 11-204 shows vibration frequencies in some simple nitriles. 

It cun be seen that in halogenated compounds (see Fig. 1-44) changes in 
mas.s ratio.s, cf. IlCN, make the Vj vibration almost exclusively a C - Cl strei- 
ching vibration and v„ a G~N stretching vibration. The decrease in v, fiv- 


5 C->Cb-C'hN! 
(fffS) 
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m 


q[u<‘acy in halogenated compounds 
is due almost exclusively to a mass 
effect. 

b, Saturated nitriles. The 

C: jN stretching vibration in ni- 
triles of saturated mono- and po- 
lycarboxylic acids lies in the ran- 
ge 2240--22fi0 rm-i [147]. 

In the infrared, acetonitrile 
has SI strong band at 2283 ciu"^, 


Table JI’>04 nuSaawital frefunalM la 
X-GN molsralM 


Molepiib 

HCN 

2089 

712 

3312 

DCN 

1906 

568 

2620 

CICN 

729 

397 

2201 

DrCN 

560 

368 

2187 

ICN 

470 

321 

2158 


corresponding to the 2249 cm~i 

band in the Ramon spectrum [147]. Dilute solutions in chloroform show two 
bands: 2292 and 2255 cm*^ [38], whereas solutions in carbon tetrachloride 
show a single hand at 2251 em*^ [150]. The frequency decreases along the se- 
ries of saturated aliphatic nitriles, varying from 2217 to 2211 cm"^ for R— CS...C5 
(Table 11-205). This small decrease in frequency is related to the more power- 
ful electrondonating -| I effect of the methyl group in acetonitrile [38, 150, 151]. 


Ittblr II SOS frequenrlni in HturaleS nitriles 


lionipouud 

Liquid [151] 

Solution in 
CHCli [38J 

Solnlion in 
CCI, [1S21 

Cli^CN 

2283 

2292 

2255 

22^3 

2251 

G|HbGN 

G,H,CN 

2257 

2247 

2250 

G4HpCN 

2245 


■ 

GjIInCN 

2241 

— 

- 

C^Il^GHjCN 

2273 

- 

2273 

GH,{CN)4 

— 

2202 

NC- GHj-CHa (.N 


2275 

2256 

nOOC CIIj CN 

- 

227,1 

(vLO 1751) 


111 alipliulie nitriles the intensity of the vC. .N baud is low [150]. 

In the linear molecule of dicyaiude, resonance between the two CN groups 
results ill a splitting ol the C N band. Fii general, the greater the distance 
between tlie coinpoiients, the stronger is the coupling |152]. Absorptions occu- 
rring ill (C.V)^ at 21 19 and 2322 inr> correspond to the 2089 rnr^ frequency 
m lir.N 1119]. 

Ill diiiilriles with tlie Iwo CN groups .’illnelied in the same carbon atom, the 
stronger • I elfeel of t he.se groups results in shifts toward higher frequencies. 
The vCN freqiienev of malonodinilrile is 18 cm”* higher than in saturated ah- 
pliiiln nilriles |38j. The carbethoxy groiqyn cyaiioacetie ester shows the same 
effiM 1 , i. e. the vC^aN frequenej increases by 12 em“^. In Ihis rase the - f 
effect of the CN group also causes an increase in the vCO frequency in COOR 
(lo 1751 enr^ cf. 1711 ciir^ in ethyl acetate) [.38]. The interaction of the two 
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GN groups diminishes in higher meiubcrs of the series, The frequency in sue* 
cinodinitrile (2256 em"’) is ver\' little chiinged. 

c. Unsaturaled nitriles. In x, ^-unsalumlerl nitriles, conjugation of the 
electrons of the double bond with the Ci_N group results in a decrease in fre- 
queney of both groups because of a decrease in C^C and C:3N bond orders. 


(i60) 

The — I effert of the CN group and the 0=0 double bund acting in opposite 
directions are dominated by the eonjugative effect (560). 

The vCN frequency decreases by ca. 35 ein~‘ |147]. In ucrylunitrile the 
absorption occurs at 2232 cm~^ ['18, 118, 153]. In the homologous series ol 
unsaturated nitriles, this frequency is 2225^:8 rnr^ [147]. Crotonitrile and 
methacrylonitrile absorb at tlie same frequency, which shows that the inductive 
effect of the GH, group is transmitted through the double bond [38]. 

In cix-Irnns isomers differences in frequency do not exceed 10 cnr^. ris 
Crotonitrile absorbs .at 2226 cm~^ and the tram isomer absorbs at 2235 rn^^ 
In older papers the difference is consi dered to be 3 cm"^ (ris, 2217 and tran\, 
2220 cm-i) [H7]. 

x.^-Unsaturated nitriles with the two CN groups attached to the sunic 
carbon atom show some special features. The vCr-iN frequency is higher and 
the vC=C frcqnencv is lower. 'I'liis ran be seen bv comparing the two nitriles 
(561) and (563). 


CH,-C=CII LN 

(In, 

(s«r) 

vC.N. cm-» 2221 
vC-rC, cnr> 1637 



(SSS) 

22.31 

ir>91 


111 ('oinpouiid till* vCN liequem \ is 13 enr* higher than in ronipoiiinl 
(56/). These shifts base been altribnled to the fact that the two CN groups 
aro not conjugated with each other, but both are conjugated with the C t. 
double bond. Since the eleitioiis of flu* double bond are withdrawn b\ both 
CN groups, the effect on eaeh CN group is small, while the vC-C fn*queii(s 
decreases appreciably (by 40 cm"'). 

In cster-nitnles the vCO Ireqiicncy increosi's liv approxiiiiately 0 cm'' 
and the vCN frequency decreases by ca. 10 ciir'. The vC--=^C frequency has 
an intermediate value. In these sliuctiires the two groups compete for conju- 
gation with the C=iC bond, which explains the obser3’cd variations in freijuem*) 
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[companr (S6B) with (SSS) and (dd4)]; the vCO frequency in a, ^-unsaturated 
esters is 1720 cm*^. 


CH,y yCOOCjH, 

>c 

CH/ Ncooc,n, 

(«w) 

vCO, ciu’^ 1726 
V C»Ct Gm~> 1640 
vCN, cm~* — 


< COOC,II, 
CN 

(«4) 

1732 

1629 

2224 


The intensity of the strongly polarized vC -C hand is very high. 

Ill 1, 2 -dinitriles the groups attached to the ends of the bond tend 
to pnlarizt' it in opposite directions and the carbon atoms of the double bond 
become more positive. The CN frequency increases by an amount comparable 
with that ill ilisubstituted 1, l-iliryaiio-eompounds. In fnins isomers, for exam- 
ple fnmaronitrile, the frequency is 2210 cm”* (the double bond absorption 
at 1012 em“^ is very weak bcciiuse of mnlecular .siTiunetry). In ri.s-isnmers the 
frequency is cu. 10 rm“‘ lower than in Onm-isomers fM7). Maleodinitrile 
absorbs at 2231 and 2251 cm~’ (Table 11-206). Differences of the same order of 
magnitude have been observed in methvl-, phenyl-, and dimethylninleo and 
fiimarodinilriles. In the ease of ri.s- isomers, the Inind is .sometimes split and 
shifts arc hidden (38]. 


Table 11-208 Froqneuelw in 3,|t-uiu<aliiniled nllrllra (mr*') [38] 


Gompoimd 

vC«N 

vC-^C 

vC-O 

AcrylonltriJo 

2231 

1047, 1610 


CrotonotriJe 

2228 

1638 


Mclaciylonitrlle 

2220 

1626 


Fumarodinitrilo 

2240 

1612 


MalrDdliiilTili* 

2251, 2231 

1030, 1500 


I > Imriliyiruinarod ill ilr ile 

2231 

1615, 1615 


Tiimethylmakodlnltrilr 

2224 

1614 


MirnylfuinarodmiLrijc 

2234 

1592 


Pheiiylnialeodlnltrllc 

222r) 

159D 


McthylphenylfumarodinitriJi* 

2220 

1593 


MothylphrnylmalBodinitrJJe 

2220 

15D3 

1750 

Oicyaiiodicarbcthoxy cihyiriir 

222^» 

(1600) 


Dics.inodicarbethovyethyleiie {Slit) is a special case. The two COOG 1 II 5 
gioups, with a veaker -- / effect than the CN groups, are forced to be nonplanar 
due to steric repulsion. The double bond is rnniiigated only ss ith the CN groups. 
The vCO frequency occurs at 1750 cin"’, oiilv 5 cm"^ lower than in satin ated 
esU'rs, whereas the CN frequency oeciiis at 2220 cni~^, 30 era”’ lower than 
in saturated nitriles. Tlie intensity of the vC—f. band (1600 cm“*) is low 
(c«M« “ 5) because of molecular .symmetry [38]. 
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H,C,00(y (4S5) NcOOCjII, 

vC— C uibration in a, ^-imsaturaled nitriles. The >»eaker ilt)ul)le bond rha- 
ractor of the C--C linkage due to roiijugntioii >^ith Uio CN group results iu a 
decrease in vC=C Ireqiieiiry (Table 11-206). 

This alKsorption is very sLroiig in asymnietri rally snlistituti‘d compouiuU 
beraUM* of the high polarity oF the bond (induced by the tviu elertron-Httracting 
groups with a strong - 1 effect). 



Ill .synunetririilly disuhstitiited eoiupounds (e. g. in fuinaro- and iiialeo- 
diiijlrile.s) the effects oi the t\(o CN groups on the C - C bund are opposite and 
the inteii.sity of the band derrenses appreriably. 

d. AroiDElie nitriles. In aromatic nitriles the vLN Irequenry decreases 
by ca. 20 cm”*, cf. saturated compounds (Fig. 11-102). 

Frequencies of some aruiualic nitriles arc sliussn in Table 11-207. 


Tabi! 11-207 vCK Irrquenrles lu ni 
Irlles 


Compuund s(^_N,uii '' 


AJkylnilrileb 

2250 

PhenyUcetonilriic 

2251 

Benzoultrilp 

222!l 

o-Tolunitnle 

2226 

m-TolunitrJle 

2220 

/>-To)uiii1ri|p 

2220 

p-Mclhox^'brii/onjLnlr 

2226 

a-Naphthpnitri]e 

2222 

p-Naphtboniinlr 

2227 


Table II-SOS Absoluls intewitin ol 
v( N abRorstiong In nltrilM 


Nllrilf A 10' 


CIIjCN 

2.1 

C[l,CIl,CN 

2.4 

U,14GI1,GN 

2.5 

CalltGN 

1.1 

o-CH,-CeH4-CN 

7.6 

ni-Cil,-C,Ht-CN 

7.7 

p-r,U,-C,II«-CN 

10.2 

p CI1,0-C,IU-CN 

18.4 

Cj,H,CN 

7.4 

CH,-CH-N' 

2.0 

CH,->CH-C11,CN 

2.2 
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45 ? 


The intensity of the v(^=N ebwrplioii Hhovs lai^ge variations in various 
classes of nitriles. Aliphatic nitriles have higher vGN frequencies and loivcr 
intensities. The reverse is true in aromatie nitriles [150, 152, 154]. 

Absolute intensities A of some aroinutic and aliphatic nitriles are shown 
in Table 11-208. 

The intensity and frequency of the vCN absorption in aromatic nitriles 
is related to the Ifainmett-o constant of substituents. 

Electron-donating substituents (- OCJI3. -NT!,) give ri.se to strong bands 
nt low frequencies, whereas electron-attracting substituents (—NO,) give rise 
to weak bands at high frequencies [22, 155, 156]. A linear relationship exists 
between the intensity of the vCN absorption and the resonanee energy [150]. 

e. Hydrogen bonds. Nitriles form hydrogen bonds of medium streugtli 
with proton donors, such as phenol (Aff— -4 kcal/mole) and methanol (A//= 
— 2 kcal/mole) [157,158]. Consideration of nitriles as weak bases in a number 
of papers is due to inadequately chosen examples, where the geometry of the 
molecule prevents hydrogen bonding OH ... N [159, IGO]. 

In aliphatic nitriles (in CGI,), there is a linear relationship between AvOH 
(free vOH— vOH bonded to N=G— 11) and the Taft inductive ennstant o* of 
the aliphatic group P. In compounds where R can be conjugated w'ith the (’.N 
group, deviations from linearity arc observed. They are probably due to reso- 
nanre between two structures [160]. Some deviations from Av OH values (eur^) 
laleiilati'd by means of Taft a* constants are shown below. 


Vhenol + 
ClI«tClf-CN 
C,H,— CN 

0“ Ct^-CN 

GN 

CH^ ^CH— CN 


AvOll obs. — AvOlf ciilc. 
■} 12 cm-^ 

I n 
^ i*» 

^ K 
^ 7 


Large deviations are nb.ser\od in brumo- and iodoesanide, where structure 
(567) predomiiiiiti's [KiOJ. 

X-C=N <-- ♦ X-C-=N; 

(jftf) (Asr) 


The influence of the inductive eflect can be .seen on cuniiiaring AvOll 
s aloes in compounds .shown in Table II-2U9. 


ILSQ9 dvOIf \Hliieb on bonding of phoiiol billh 

K- G-ll (O.f m 

solution III (tig) 

l\ 

AvOH (n) 
cm*' 

n 

AvOH (^) 
nn** 

(a)- (A) 


165* 

cHCiy*- 

105 

0 

CH,(CH,),- 

leri 

CI(CH,),- 

156 

7 

CH,(CH,),- 

167 

ci(ai,,3 - 

118 

]i| 

CH,-CII.- 

165 

CICH.- 

117 


chI- 

159 

Bi- 

102 

s57 


Sumc as in phenol and butyroultrile. 
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Th(* tablt> slinws that replacement of GH, by Cl has no effect if the CN 
group is separated from the chlorine atom by four methylene groups. In the 
saturated rhaiii the inductive effect derreases with distance. 

Shiits depend to a great extent on the eoncentrutinn of the nitrile. Good 
results are obtained on extrapolation to infinite dilution [157, 158]. Data 
in Table 11-210 point out large differences between values obtained in neat 
liquids, in 0.4 m solution of nitrile and phenol in CCI^, and at infinite dilution. 


Tabte 11-210 vOll fraqMiiflM In pbmol 

p.. nilrlloi 

OlD“* 

Phenol + nitrile of 

Inf tat lie 
dilution 

0.4 ni 
Solution 
in CCIg 

Nent 

lliiuldi 

Cyclohexane carboxylic acid 

3449 

3437 

3406 

Pivalle 

3440 

3442 

3410 

Butyric 

- 

3444 

3408 

Arcllc 

3491 

3452 

3405 

Phenylacrtic 

— 

.1453 

.3412 

Acrylic 

— 

3462 

3425 


Ill diluU* earbim tetrachloride solutions a- and p-liydroxynitriles lorni 
weak hydrogen bonds. The low shifts in frequency suggest that both the Oil 
group and then-eleetinns of tlie CmN group are involved in hydrogen bonding 
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CHAPTER 9 

CAHBONIC ACID DERIVATIVES 


Covalent functional derivatives of rarlionic acid arc compounds with a 
central carbon atom linked to two, three, or four atoms other than carbon 
and hydrogeu [1]. They ran by derived formally by replacing one or both 
Oil groups in carbonic acid. The most important derivatives arc shown below. 
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Generally monofunctional derivatives are unstable and the majority are 
unknown in the free state. 

1 . Carbonie aeid halides 

Carbonic acid halides have two halogen atoms attaclied to the carbonyl 
group. Compared to fornuildehyde, replacement ol the two hydrogen atoms 
with electronegative atoms results in a considerable increase in vCO frequency 
[2—6]*. The largest shifts are produced by fluorine atoms having the stron- 
gest-/ effect. It should be pointed out that the difference between the COPj 
and COClj absorptions is 100 enr^ (2—4, 6]*. 

H Cl F P 

^C-0 \c-o ^-0 \c-»o 

H Cl Cl 

1745* 1827 1876 1928 cm** 

The high values of these frequencies show that the carbon-oxygen bond 
order increases from double to triple (the same is observed in the CO group 
ol carboxylic acid halides). It was assumed that contribution of structure 
{S88) is responsible for this effect [5J. Contribution of a polarized structure 
such as {570) would result in a decrease in frequency. This interpretation is 
supported by the high fre- __________________ 


quencies observed in oxocar- 
bonium ions R— 0=0'*' (see 
page 224). 


F- CO-F 


F-CO-CI 


CI-CB-CI 


\+ — 


'H-CO-H 


mff tm ac<0,cm-' 

Fig. 11-103 Variation ol vC^ 0 frequency with the elro- 
tronegatlvJty of tbe halogen atom In YCOX. 


A linear relationship has been observed between' vCO and the arithmetic 
sum (Xg Xy) of the electronegativities of the two halogen atoms (Fig. 11-103) [6]. 


* Tbe repurleil frequencies vary In different papers. 
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2. ChlerooarlNniBteB 

Chlorocarboiiatrs are characterized by vibrations of C^-0, C— 0, and 
C- Cl bonds. The indnetive— / effect of the chlorine determines the increase 
ill vG=?0 freifuency, the same as in acid chlorides. 

In alkyl chloroformates, the mean vCO frequency is 1775 ± 2 ciir^ |7, 8]. 
In the liquid pha.se, ethyl chlorocarbonale absorbs at 1770 17]. In carbon 

tetrachloride or carbon disulfide solution the frequency varies by no more 
than .3 cm~^. The mass of the group It in ClOOItt as well as the presence 
of a halogen atom in the ^-position in the It group, do not affect the frequency 
very much. However, the presence of a halogen atom in the a-position results 
in a laiigc increase in vCO frequency (e.g. Cl— COOCClj ab.snrbs at 1806 cm*’’) 
(Table 11-211) [7]. 


Tailr Ji-SJfl ChuaeterUlle treiuenrlM (rin~’) in phloralarmBlM (iUOOB (liquid) (7, 8] 


n 

vC- 0 


vC-Cl 

<G-CI 
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IIGO 
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1709 
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483 
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1761 
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The vC— 0 vibration in chlorocarbonates gives rise to a .strong alisorji- 
tion between 1134 and 1172 cm”’ [7, 8). In alkyl chlorocarhonaU's, the fre- 
quency lies ill the range 1145—1108 cm”'. In trichloromethylchlurofnrmate 
replacement of the three hydrogen aloins of the methyl group by chlorine 
atoms results in a decrease in frequency to lO.'iO cm”’ (CICOOClIg, 1117 and 
CJCOOCClg, 1056 cm”’) [7]. It .should be pointed out that the majority of chloro- 
formates show two bands between 1050 and 1200 cm”’. Methyl chlorofor- 
niate (liquid) absorbs at 1117 cm"’ (strong) and at 1200 cm”’ (medium). In 
ethyl chloroforinnte (liquid), the two bands (IMO and 1160 cm”’) are ol 
equal intensity. The assignment of the strong baud to a vC~ 0 vibration |0, 10] 
is supported by other authors as well |7, 8|. The origin of the second band 
is not clear. 

C— Cl vibraliom. The stretching vibration ol the C Cl bond occurs at 
CH. 600 cm”’. Its deformation vibration lies in the range 170—480 enr’ |8] 
(Table 11-211). 

3. Carbonates 

In esters of carbonic acid, the C— 0 group is attached to tw'o oxygen 
atoms (571). In these compounds conjugation is stronger than the—/ effect 
of oxygen atoms, increasing the contribution of the equivalent structures 
(572) and (575). 






CAnBOmc AaD derivatives 
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o«»c 

\ 

O- \{ 


(5//) 


+ 

0--R O-R 

.■ ^ fi 

^ > :i3— C 

•• 

0-U <i-R 

(57?) (57,21) 


lu alkyl rarbonut(‘s, the vC- 0 strelrhiug vibration occurs at 1740—1700 
enr* close to that of alkyl esters [7, 11]. Dimethyl carbonate absorbs (in CCI 4 ) 
at 1755 cm”’ [7], and diethyl carbonate (in the same solvent), at 1746 cm”’ 
III — li'lj. The freqiieiiey increases in iinsaturnti^d or aromatic compounds, the 
same as in esters of carboxylic acids with vinyl or aromatie alcohols. Diphenyl 
enrhonatc absorbs at 1775 cm”’. This is explained by the larjjcr contribution 
of structure { 571 ) where the nonbonded electrons of oxygen are involved in 
conjugation with the benzene ring. The presence of one or several halogen 
atoms in the group R raises the rrequeney by about 40 cm”*. Ethyl trichlo- 
nimeihyl carbonah' absorbs at 1780 em”’, and di-trichloromethyl carbonate, 
at 1832 cm”’ (this frequency is comparable to that of carlionie acid halides) 
|7]. 

In cyclic carbonates variations of the vC— 0 frcriuency are similar to 
those in eyelie functional derivatives of carboxylir acids (anhydrides, lactones, 
etc.). The frequency varies with ring size. This was attributed to changes 
in hybridization as a result of ring strain [II —14]. 

vCO shifts, ef. acyclic analogs, vary with ring size [ 12 , 13]. The highest 
frequency is observed in five-membered ring carbonates (Table 11-212). Chlo- 
rine atoms in the a-position to oxygen further increase the vC-=0 frequency 
in five-membered ring carbonates [7]. In strain-free six-membered ring carbo- 
nates the increase in fn*quency is sm liter (Table 11-212). 


Table II 213 vl'd (requrory (pin~') In neyelie anil eyelie rirbountn* 



OR 


1 “' 
I) () 


h 
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II 
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I ! 

C> 0 
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I I 
0 n 

\/ 


0 


Liquid 

Salutloii in CCI4 


1742 1798 ( i-jti) 1717 ( 3) im 1-^88) 

1746 1817 (+71) 1777 (+31) 1832 (+90) 


'' Values in parenLheses are Av CO (v GO cyclic - v CO acyclic). 


The niujority nl carbonntos show hvo vCO bands. The frequency of these 
bunds (Tabic 11-213) varies with experimental coiulilions (solution, liquid, or 
solid stale) [7]. For instance, ethylene carbonate in the liquid slate shows a 
strong band at 1798 cm"^ with a shoulder at 1770 enr^ In the solid state 
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the band occurs at 1788 cm~^ with a stronger shoulder at 1 7G2 cm"^. In carbon 
tetrorhlitride or carbon disulfide solution, the absorption occurs at 1817 enr* 
with a shoulder at 1763 rm~^. The effect is stronger in unsalurated carbona* 
tes which in CCI 4 have n strong absorption at 1832 cin~^ and weak ubsor])ti- 
ons at 1770 and 1802 em'^ At higher rniieentrations the 1802 cm~i absorp> 
tiou becomes stronger. In the liquid state the band occurs at 1830 cm"* with 
a marked shoulder at 1801 cm~^ In the solid state the band occurs at 1822 
cm"* with a shoulder at 17!)0 em"’. Propene carboiiatt' does not show the 
doublet. 


Table Il-tJS Charapli<rlitlF IreqDmelni (mu~*) in wbonatps 
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* Shonldrr. 

** ‘Weak bands. 


1. vC -0 vibration. All carbonates show '•Irong bauds between 1050 and 
1250 Pin"' assigned to vibrations of the C— 0 bond fit, 13]. In open-chain 
compounds the strongest band in this region occurs at ea. 1260 cm"', ('.yelic 
carbonates show two bands of comparable intensity, between 1070 and 1160 
cm"*. 

2. Vihraihns of C/i, group,<i. The vibrational behavior of Cl I, groups in 
cyclic carbonates is similar to that in cycloalkanes. The frequency increases 
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hy 10—40 enr* in the five-ntembered ring,(>r. the six-meinbered ring(Table 
11-214). 


Table vGll| truqicnriM (eni~') In ryrilr rarbnulpi [12] 
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4. Urethanes 


Esters of carbamic nriil conluin nii NII( group and ou Oil group (R=ali- 
plintic or aromatic group) nttaclu'd to tlic CO group. The greater involvement 
ol nonbonded electrons ot nitrogen in ronjugation, ef. oxygen, results in a 
derrease in the C-0 Imnd order. 

The vCO frequency varies with physical sfcite. In cyclic urethanes the fre- 
(lueney of five-meinben*d rings is higher, the same as in other cyclic deriva- 
tives of carbonic acid (see Carbonates). 

In the liquid .state N-inetliyluretlnme (J7/) absorbs at 170.1 cm"^ |13], 
and in dilute carbon letrncliloi'ide solulion, the absorption occurs at 1731 cm"^ 
1 12]. In five-menibered ring cyclir uretlmnes the frequency increases by ca. 
21 CIn“^cf. acyclic analogs [13]. Oxazolidone (57-1) in the solid slate (KHi) 
absorbs at 1721 cm“' (according to [12], at 1730 cm“^). 

11 cii, il,C~ -CII, 


I I II 

() Ml O Nil 
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II 
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U MI 
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(574) 

(5/5) 

(575) 


In .solution the band shilts toward higher frequencies: 17S3 cm"* in carbon 
tclrachloride and 1700 cm"* in (hlonilorm. TetrahydrooNazinone (J76) absoibs 
ill 160!) cm"* in KHr and 1713 cm"' in CCl* 1121. 



CO 

O Nil 

^ / 
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In bicyclic compounds (S77) (six- oud cight-membered rings) ond (S7S) 
(tvo sevcn-niembercd rings) in carbon tetrachloride solution, the frequency 
is 1725 and 1717 cm“^, respectively. 

JV-Acetylurethanes show two CO bands. N-AcetyloxaXolidonc (679) in 
the solid state absorbs at 1779 and 169S cm**^. In solution the fre^encies 
increase to 1705 and 1711 001 "^. In N-ncctyltetrahydrooxazinone (J80), the 
vCO frequency of the acetyl group is 1707 cm~^ and that of the urethane 
radical, 1748 cm~’’ [12]. 


irii 

rA ; 

n . 

Co— CH| 

O.^N'-CO 

Ih 

0 

Ih 

0 I4H 

(sa) 

im 


The N— H slretrhing vibrations occur in the region characteristic of 
amides. N-Metliylurethano absorbs at 3400 rm~^ (free N— II) and oxnzolidone 
(676) at 3478 cm"! (free N II, in CCl,), and at 3250 em'^ (bonded N-11, 
in GC1( ). In the spectrum of tetrahydrooxazinone (570) the bands occur nt 
3454 and 3246 cm'^ [12]. 

5. Urea and its substituted derivatives 

Spectra of urea [15—17] and its substitut'd derivatives [18] show cha- 
ractc'ristic patterns of primary, secondary, or tertiary amides of carboxylic 
acids. In many instances exact assignments of absorption are difficult to 
make, but the bands have nearly the same properties as in amides [18]. Table 
11-215 shows characteristic frequencies in urea, N-mcthylurea, and 0-methyl- 
urea ]19, 21]. 


Table JI-216 CharartfrlMlp Irequciiein <nii~^) In nrra and derlvati^M 



0 

-&-NH, 

0 

ii,n-£-nhr 

OR 

11.N- 

U,N-C-NII 

3455 j 


3435 a 

3450 -3405 m 

3350 s 

vNH 

3330 s vNIl 

3225 -3235 a vNll 

3285 


3220* 

3170-3160 s 

1687 m 

vCO 

1616 s vG-0 

1650-1654 vC«N 

1G27S 
1600 s 

VCO+8NII 

157Sro (vCO-ISNll) 

1600-1G10 BN-H 

1465 s 
1465 s 

C-N 

1420 At (CN and 
C-NH|) 

1339- 1401 mi 
(CN and C-NHi> 

1155 m 
1055 w 

yNIV 
$N1 [210 

1000 lu 

vC N 



70010 

(CO 1 NUtfi) 




* Shoiild?r. 
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In the urea anion (SSJ), polarisation of the C— 0 bond is favored, the 
same as in the carbonate ion |15]. In cation (SS2), the proton can be atta- 
ched to oxygen or to nitrogen. The infrared spectrum of (djS), analogous to 
that of the isoelectroiiic guunidinium ion, favors the oxonium structure [22]. 


Ml 

2- 

Nil. 

//■ 

0 L 


11 -0- 

NH, 

Ml 



({67) (fit) 


Adducts of urea with saturated straight-chain hydrocarbons, alcohols, 
halides, etc. have been studied extensively with regard to the nature of bonds 
in these compounds. The shift of the vCO band (1687 cm*^) toward lower 
frequencies (1619^1655 cnri)in adducts of 0-alkylisourea supports the con- 
tribution of polarized structures (583 b, c.) [21]. 

Ml. Nil, NIC 

‘ / 

()-=(. - -*■ -U -(. ♦-- * :()—(: 

Nllj Ml, NH, 

(5'jfll (5A3r) 

6. Cyanie and isoeyaiiic acid derivatives 

The nitrile of carbonic .ncid, cyanic acid (5X4) and its tautomeric form, 
i.socya]iic acid (SXS) have nut been i.solatrd in the free state. However, some 
of liieir derivatives arc known [23]. 

II-O-CSN 0-C- N-ll 
(Sit) (sss) 

Cyanic and and its O-alkyl derivatives, alkyl cyanates, isolated ns tri- 
iners (cyaiiuric ucid and derivatives), are special cyclic systems. 

Ksters and amines of cyanuric acid (melamines) contain the heterocyclic 
ring of sym triuzinc (SSS) and show characteristic frequencies of this system 
[24]. 
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II 

O I.; 0 

IK) V 011 


\ ^ 

1 1 

II 1 

N N 

IlN Nil 

N N 

V' 

\/ 

II 
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0 

OH 

(««) 

(SST) 

(5^9) 


Structures (5i?7) and (SSS) have been considered for evanurir acid. The 
infrared spectrum show.s features supporting structure (587). The amidic C=.0 
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group has a strong absorption at 1710 cni~^ with a sliouldpr at 1800 cm''. 
The vN— H frequencies are 3210 and 3060 cm"' [23]. 

1 . Isocyanates, llie esters of i&ocyanic acid 0=G=N — R have cuminulaied 
double bonds. This system shows a strong absorption at ca. 2270 cm~' assig- 
ned to the asymmetric vibrnlioii of the Ns:Cs() group [2R 30J. The band 
can be readily distinguished from that of uilriles, being almost a hundred 



Fig. 11-104 Infrared ipeclnim of phenyliaocyanata. 


7abir (Jmraclttlblli* nliHoriilloiib 

In ImyanatN 


times* stronger. Contrary to other isoeyanales, phenyl isoeyanate C,H 5 -N-= 
C=0 has a doublet at 2260 - 2278 enri (Fig. 11-104). 

The band is extremely eons«iaiit in position. Tt is nut iiffeetrd by eonjsi- 
galion. Both alkyl and anl isoeyauales absorb within the same limits. 

Churacteristie fiequeneles of some 
isuryaiiutes are shown in Table 11-210. 

The symmetrie \ ibrntion band oecur- 
ring in some isocyanates at 1350 - 137(1 
em”^ is weak and, eoiisequently, less 
chnraileristic. 

2. Cmhodimiiles. Cyanamide deriva- 
tives have a eunimulated double bond 
.system R N C=N-ll. In compounds 
where R is an alkane or eyrloalkane group, 
the asyinmetrie N- C=N vibration has 
a very strong absorption a I 21.30- 2110 
cm"’. When R is aromatic, the band occurs 
at 2115-2145 cm"' [31). 

Tlie symmetric vibration lias a fre- 
quency of ca. 1350 cm'^ [32]. 


liocymiate 

vN-( 

enr 

n-Bulyl 

227;{ 

Ihobutyl 

2262 

n-Amyl 

2272 

Cyclobexyl 

2257 

Phenyl 

2260 

p-Ctaioruphcjiyl 

2202 

p*Nltrophcnyl 

2262 

o-Tolyl 

2273 

in- and p-Tolyl 

2268 

p-Eiboxyphenyi 

2275 

Benzyl 

2268 


7. Thioeyanic and iBUlliioeyanie derivatives 

As in the lase of cyanic acid, thiocyaiiic acid and its tautomer isothiu- 
cyanic acid (H— S- C==N and S--('. -Nil) have not been isolated. However, 
their derivatives are known. 
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1. Thiocyanates^ R^S— G»N have a strong absorption in the 2140- 
2175 cni~^ region. Aliphatic thiocyanates absorb at the lower limit (r.a.2140 
rm”’') and aromatic ryanates, at the upper limit of the region (2160—2175 
cm“^) 133-35]. 

2. Aliphatic isothioryanaies. R— N^C— S have, a strong hand between 
1990 and 2140 cin"'^ and aromatic isothiocyanates, lietweea 2040 and 2130 
010 "^ Often the bands arc split or have shoulders. Another characteristic 
absorption occurs at 1090 cm~^ in aliphatic isothiocyanates and at 930 cm"^ 
in aromatic ones. 

5. iRonitriles 

Tsoiiitriles nr earbylaniines have the organic group 11 attached to nitro- 
gen. The nature of the nitrogen— rarbon bond in the NC group is that of a 
resonance hybrid between structure (5jP), where the carbon atom has an un- 
occupied orbital, and stracture. {590) with a triple bond in which the 
free orbital at carbon is occupied by the unshared electrons of nitrogen |3C] 

8+ S- 

H-N-n; -♦ K-N=C: 

(SS9) (ISO) 

The negative rharneter of the rarbon atom in the NC group is supported 
by dipole moment measurements showing that the nrgalKc pole of the vector 
is at cai'hon, opposite to the CN group in nitriles. 

The C-N bond older eonesponds to n state inierinedialc between the 
two extreme strnetures. The eleetron distribution is largely shifted toward 
(590) 137-40). 

The iintun' of the group H can inrrease ( {-/ effect) or decrease the N— C 
bond order {—/ effect) by favoring one of the two structures. 

The frequency of the NC group lies in the triple bond region, between 
21(HI and 22(l0rm~^ which shows that stnirluiT ($90) has n large contribution. 
Because of the polarity of tlie group, absorptions are very strong. 

N. "C oibralion. Isunitriles have a stioiig band in the triple bond region, 
between 2123 and 2183 cm-^ |41] (Fig. 11-105). 

Alkylisonitriles have higher trequeneies (21 10 - 2183 rm"^) [12, 13] (lable 
11-217). 

The freqiieney decreases .slightly in the homologous series, from methyl 
to butyl isonilriles, beransc of a ma.s.s effect 1 13]. 

Aromatic isonitriles absorb at slightly lower frequencies liecausc of a 
weak ronjugative effect. The frequency of llie phenyl isonitrile band is 2123 
cur*, 28 eiir* lower than in butyiisonitrile (2151 cm”*). 

Substituents in the para-posilioii of the benzene ring have a negligible 
effect on the NC frequency j 14]. In nonpolar, iucil .solvents, the vNC vibration 
is practically uiirhanged Crable II-2I8) [44]. 
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Because of its strung polarity, the intensity of the vNC absorption is 
ahuost twice that of the vCN absorption. 'fhiB enables the differentiation bet- 
ween nitrile.s and isonitriles. 

The elertron-attractiiig ('ai)arity of Jsonitriles in hydrogen bunding has 
been extensively studied in the infiared. The proton arreptor is carbon, not 


Tahlf ll-ltli vSI=i; Irr^nriirlr^ In 
lH)iiltillr>i [‘t"!] 



till 

CH,-NC 

2183 

C,H|-NC 

2160 

jt^CgH,-NC 

2\h\ 

n.C4lIj-NC 

2151 

C,ll4-NC 

2123 



Fig.II-lO.'i The 20UO-26UO cm-^ 
region of the vCN vibration. So- 
lid line- nitrile; dotted line — isoni- 
trlle. 


hydrogen. This coiifirnis the eonlrihulion of sti'iictuie (J90) wheie the carhoii 
atom ha.s a negative polaritv |15, Iti], 

The strongly basic carluin aloiu iii Cjllj Cllj NC lonus hydrogen 
bonds with other donors as well (e. g. with pJieiijlneetNlene), the acelslenii 

Table vIVC. (rcqupiirJrs ol l^sunitrilFh in lurlous tMiUpiiiH 


Goiiipfiunil 

C IICI. 

CCl, 

ii-C|Il|| 

CS, 

\n 

21.70 

2133 

2J34 

2130 

M. 

2i:tG 

2131 

2132 

2129 

pr,i-r.,ii4 M. 

2136 

2133 

2132 

2129 

p-f:ii,o NC 

2140 

2128 

2126 

2124 

r:iij,-Nc 

2142 

2169 

2168 

- 


vCfi frequenry decreases by .'iO nir^ in honzyji.soniirile solution. In a carbon 
tetrarhioride solution lontaiiiiiig phenylaretylcne and isonitrile, the aeetylrnic 
vCH liand (normally at .'1.111 cm"’) ocrars :i6 cra“^ lower, as a shoulder on the 
vNC band. This indicates tlie existi'iice of a mixture containing bonded C - 11 
linkages. 

It should he pointed out that a larger shift in Irequency in isonitriles 
does not necessarily mean a stronger hydrogen bond, as is the case in alcohols 
[45, 471. 
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CHAPTER 10 

CAMBOflYDlIATIiS 


Iiifiarcdfiperlra nl (arl»«liMlraU‘.s, cvi’it of simple ones, are very romphs. 

The interprefaliiiii of these spectra is hased on studies of the sperlrnm 
ol Utrahydnipyritnc (oUI) vthieh esiii he < oiisidered the liiiidnmentul heteroey- 
rlie system in mans Ketoses (e. q . a-D-filueose (5.^13). (5.9.?)) p]. 

Tlie sjieetrnin of telrahsdropyrane |2, .'in] lias been interpreted hy smalof's 
with the eliair lonu of ejeiohcxane. The symmetrie Mhratioii (]Mil.sntion) ol 
the ring (591) was assigned a lrei|iieiirv of 8i;i em”^ and the deformation 
vibration of the ring (595) vtas assigned a [reqiieiiuy of 875 enr*. 



t>iii ha) fju) 


For the eharacterization ol earhuhydrates, hands oeeurring in the 7.'i(l 
%() eiir* are lieiiig used. Tliey are cuiTclaled with the ring vibrations of 
tetrahydropyrane and isilh CH deformation vibrations of hemiaeetal bonds 
[3aJ. Higher Irequeniy n'gions show C- 0, C- C. .‘indC- II vibratioii-s whieh 
make interpretations murh more difficult. 

a. D>GIucopyraiiose. U-Ghicopyranose and its derivatives were the 
first i arbohydrntes to he studied in detail |1, 3—6]. Correlations found for 
this monobaccharide are applied both to liexapyraiioscs (galaetose, mannose, 
etc.) and pentapyraiioses. Sinee spectra of emintioraers arc identical, results 
obtained in the D series an' valid also in tlie L series. 
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The frequencies of the three chnrnrteristic vibmtioii modes in D>glucopy- 
rmuiRe arc shown in Table 11-210. 


Table iU»t9 Ghamoiorlutle frnattiiuelM Id x auA ^••ilurapirrDiiMe 



Bund type i 
cm"** 

Ikuid type 2, 

a b 

Dand^w ^ 
cut * 

tt-o- GlucopyruioBC 

ri'^oH 

«17i 13 

84418 

7G6110 

\i ' J 
H<)\j«^ril 

oil 

p.D«GJuGop3rrBiioie 

»20±'; 

89H 7 

7741.0 


ril (IK 



<111 


Miiiid ty])!' 1 (017 inr^) hns bci'n nssifjiud to llic mi;; Mbrotioii |7] m- 
rrivsiuinding to the usMunicLnc defornintioii ot the tctrnhvdrupyrane ring at 
875 cm-i (595) |21. 

liuiid I ypp ,1 oc( iirring at 706 enr^ in B-ni)uim’ri> and at 77 1 (“nr^ in p-ano 
miTs of sugars correspund.s to tlio 818 rnr' liaiid in Irtrahydropyrnni’, as*>igiu‘(l 
to the symmetric ring vibration {594). 

The frequency of bands type 1 ami 8 is rhararlerisLii- for «-glycosi(lir 
linkages in monosareharides \i]. It is used tor the identifieation of these 
linkages in oligo- and pob saccharides. Characteri.stie frequencies of sacchari- 
des Mvith ]iyraiiose rings are .shown in Table 11-220. 


Table 11-120 Freiuencin du 4 anliniiieuto In in|iir» nllh 
n prranaM rlnp 


Frequency, cm“‘ 

Asbiipiiiient 

917±13 

King asym vibration 

070±14 

Ring Rym vibration (puJkalloii) 

844 IS 

rrlycosldic C- 11 dcformatiun (K uiiomer) 

891 i- 7 

Glycosldlc G— 11 delormatloii (p-anomcr) 

880i:8 

Fvquatorial G— II deformation, lumglycotiidir 

867i:2 

In-plane deformation yCHif 

967db0 

Terminal GH, dGlormatlon 
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III oligo* and polvsaciharidcs with 1,1-x-glycosidic linkages, a progressive 
rhaiige in freiluciicy of both types of bands is observed (Table 11-221). 

Tlie freifuency of band type 1 increases from 007 (disueeharides) to 930 
ein"* (polys.! cehandes), .md the frequency of baud 3 decreases from 778 (di- 
suecharide)to 758 nir^ (polysaccharide) (3 1. In the pulysaecharide Nigeian 
formed from a-D-glncosc residues linked by alternating 1,3 and 1,4 bonds, 
the frequency is 703 I- 2 rm“^ (type 3). Dexlrane, with a-D-gliicose residues 
linked in the I- and G-position has a constant absorption at 017 :J- 2 and 
768 cm"^. The conslanl frequency is because no hydroxyl directly attarhed 
to the pyranose ring is involved in the glyrosidic bond. 


Jablf n ~!21 PolyMCcharMn vilh v-fiiyrmldlc lioiiilt 


Bond ISilyiMirchai ide Tyiir 1 lyiw 2 T)|ic .S 


a>l ,4 Starch 

a-l.G Uexlriiii 

al,.t Nignan 


930±4 
M7-I 2 


844 d.B 
844:J-8 
841 i8 


758d2 
768iJ 
793 + 2 


Band type 2 is assigned to tlie deforniation vibration of the CIl bond 
ill the glyrosidic carbon atom (position 1). With respect to this band, diffi- 
rences between spectra of mono- and polj-sarcharides are small. The absorp- 
tion enables the differentiation between a-aiul p-anomers, whieh can belong 
cither to tspe 2a or 2b (Table 11-210). In D-glneopyranose the a-anoiuer lias a 
irequenry of 811 tm"' and the p-unonier, ROl rin”^. The two anomers differ 
by the eunfiguration of tlir glycosidic hydroxyl, consequently by that of the 
hydrogen attarhed to the respective carbon atom. In the chair form of tin* 
or-anomer of D-glueopyraiiosr this hydrogen atom is equsitorial (4.9C) niid 
the glycosidic hydroxyl is axial. In the p-nnomer the hydrogen is axial 
and the glycosidic hydroxyl equatorial (-597). 


no , . 
HO V 


( II on 

/ 

O 




IIU 


^ II 

on 



(ilk) 


(fir) 


In p-anniiicrs the axial hydrogen atom in the 1-position is sterically close 
to the axial hydrogen in the 5-position. Appreciable van dor Waals forces 
arise between these two atoms (1,3 interactions in a six-rnembered ring) resul- 
ting in an increase in C— H frequency in p-D-glucopyranose. The same phe- 
nomenon oecurs in p-D-gnlactopyranose and in p-D-mannopyraiiose [1]. How- 
ever, it has been observed that in «-and p-D-lulopyranose each anomcr shous 
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type 2 Lfliicls ariRing both from the a-form and Uic ^-fonu. This vsm attribu- 
ted to the presence of t>to ronformnliunal isomers in both forms {8]. 
Because some type 1 bands are shifted toward Ihe type 2 band region, assign- 
ments of coiiformitiions in nnomers solely on the basis of these absorptions 
arenot reliable. 

Derivatives of D-galactopyranose and D-mannopyranose show a third 
nbsorption.type 2c,, at 875 ciu"^. These nionusaeeharides differ from glnrose 
by the configuration of atoms and 'Cj, resperlively. Consequently, a-ano- 
mers have one extra equatorial C II band [5]. It uas assigned the frequency 
of 875 cm~^ (In inosital the equatorjal Cli gntups have frequencies below 
875 cm**^, and the axial CII groups ha\e absorptions above 890 cm~^ (9]. 

b. Deaoxy sugars. The Cli, group in the pyranose ring gives rise to an 
absorption at 807 em'^ [9], This absorption also nerurs in 4, 6-(^benzyli- 
dene dcrixatives of a-D-gluropyranoside, at 877 cm"*. It is assigned to the 
CII, group at C^, attached to the benzylidene group. In inositol and querci- 
tol the frequency is 853 enr’ |9] corresponding to the 858 cm'’ vibration in 
telrahydropyran [2]. 

c. Sugars willi luranose rings. Assignments lu these compounds are 
less reliable 1 10]. The ring xibration is assigned a frequency ol 924 J. 13 rm“^ 
and the CII delormation, a Irequency of 799 ± 17 cm”'. The hydrogen atoms 
being equivalent, no diJferentintion between a-and ^-anomers is made. 

d. Cellulose and derivatives. Cellulose and relluloses modified by che- 

mical or phy.sico-mechanicnl pruces.ses have been .studied extensively in the 
infrared |3, 11 18 1. Some aspects are mentioned below. 

It .should be pointed out that all of the .spectra have been recorded in 
ihe solid state (Kllr, .suspension in iiujol). The most msefiil frequencies in 
studies ol structure and structural modifications are those of the Oil group. 
For naturally occurring cellulose the frequencies used in praetire are shown 
in Table 11-222 [3, 11-13]. 

Conclusions regarding the degree of erystalliiiity of the sample, modifica- 
tions which take place on treatment with various chemical or phy.sical agents, 
polymorphium etc. ran be drawn on the basis of hydrogen bonding studies 
[3, 13]. Ill raw cotton the bonded vOH absoriition occurs at 3356 cm”', 
and III liiiters the frequeney is 3330 riu”'. In ihemically modified co- 
tton, the vOIJ absorption occurs at higher frequencies. In methyl cellulose 
prepared from linters the absorption occurs at 3401 cm”', and in ethyl cellu- 
lose of the same origin at 342.‘i cm”'. Cellulose acetate has a still higher 
frequency, 3497- 3509 cm”', and earlinxymethyl eellulose, ea. 3378 cm”'. 
Cellulose regenerated from acetate has a low'cr frequency (3400 cm”'), cf. 
3490 cm”' in partially acetylated cellulose. These figures have a comparative 
value; however, Die conclusion is diawn that ronrtions ocrur in the amor- 
phous region. 

Deuteration has shown that in the highly crystalline region a very small 
change occurs on replacing OH by OD. The intensity of Oil band ena- 
bles the determination of the ratio of modified OH. Amorphous regions 
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arc easily deuternterl. In this wy the degree of rrystallinityrau be establish* 
ed exactiy |14]. 

The orientution of Tnacroinoleriilar chains in orieutt'd fibers can be follow* 
ed by imlnrized infrnn'd radiation [IS), llir GH, deformation band at M37 


Table Il-gfg Ounrlwlittr freqnniriM in iwltaloM [13] 


X^quonoy, gdi** 

Vlbnition 

3X25-3571 

free vOll and bonded vOH 

1031 

H^O 

1437 

Uefarmatloii CHgiu 

1377 

Deformation CH 

1340 

In-pJane delurmalion Oil 

1319 

Deformation OH or CH,eii 

1285 

Deformation OH or G11|U) 

1247 

Deformation OH or CH,ia 

1101 

Not assigned 

1117 

U)id. 

105K 

Ibid. 

1030 

ibid. 

829 

Deformation G11|U> 


enr^ beeomes stronger when the degree of crystallinity increases. It vanishes 
on breaking. As a measure of the degree of rrystalliiilty, the ratio nl bands 
1449/909 cm“^ has also been proposed jl2J. 

Infrared speclra show that on oxidation C11,01I groups are transformed 
into COOll groups. Bands occur at ea. 1750 eiir^ (COOII). Under rertain 
conditions oxidation leads to CllO and C =0 groups (hydrated). Thev eaii lie 
identified by absorptions at 1721 em~^ |12]. 

On transformation of cellulose in esters and eLhers, the speelra show 
nlusorptions of the newly formed Juiu-lional derivative, while Oil absorptions 
vanish partially or totally (l.'t, IG]. Ky studying the inlensilv ol Lliesi* liaiids, 
it in possible to follnsv the rnndifiealion proress (l.'l]. 
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AMINO ACIDS. PEPTIDES AND PDOTEINS 


A. AMINO ACIDS 

In the crystalline .stale a.s well ns in solution, amino acirls (SQS) exist 
at their isoelectric poinl iu the form of zwltterions (599) which result from 
interual neiilralizatuni of the aeidic and basic groups in the molecule. 

+ » 

ll,N-R-CO01I H,N-R-COO- ll,N-H-COOll IVN-R-COCr 
(5fS) (j,,) (000) (001) 

Becausi' of Ihclr zwitleriome, characLcr, amino acids beViave like bases 
in acidic solutions and like arids in basic solutions. In the former case they 
occur as cations (609), and in the latter, us anions {60 J). In neutral aque- 
ous solutions, amiuu acids exist as species (599), (000), and (002) because of 
protolytic equilibria with water. The concentration of neutral molecules (59X) 
is so small that they arc practically uuidentifiable [1]. 

Because of the sLrueture aud behavior of amino arids iu solution, Iheii 
infrared .spectra show a coinpliented pattern strictly dependent on experimen- 
tal conditions. 

For a long time the insolabilily of amino ncids in common solvents nsec 
iu infrared spectroscopy has limited the recording of spectra to the solid stai 
(.suspension in nujol or KBr). The improvement of techniques using aqiienn 
solutions has made more extensive studies nossible. 
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Stuilii'fl of amino acids are concerned with research in the protein field. 
Therefon* naturally occurring amino acids obtained by hydrolysis of proteins 
have been the most extensively studied in the infrared. The eommon feature 
in these compounds is primarily the presence of NITg group in the a-position 
to a corhoxvl group (802) 

n-CH-COOH 

I 

Nil, 

(SOS) 

The speriiil chiiracLer of each of tlio well-known seven groups of naturally 
occurring amino acids is because of the different nature of the group H|l, 2|. 
Sometimes this rhnrarU'r run he recognised in the infrared spectrum. Neglec- 
ting absorptions arising from the group H. the behavior of the two functional 
groups depends on experimental conditions. In the solid state or in aqueous 
solution at the isoelectric point, structure (599) is characterized by absorptions 
+ 

of Nil, and COO~ groups. In basic medium or in water soluble salts (structure 
60J), bands arising from tlir Nil, group occur along with those arising from 
the ion COO" (the former also occur in diamlno acids). Hydrochlorides of 

+ 

amino acids (600) are eluiraeterizeil by Nil, and COOIl absorptions. The lat- 
ter are slightly shifted, due to the presence of the polar Nil, grou|i. Absorp- 
tions ol the cooil group (diinerl also neciir in dicarboxylic acids. 

+ 

4 a. Vibrations of Lho Ml, group. By analogy with the CH, groii]). (he 
Nil, group is a.s.signed an a.syminctrie ami a symmc'lric stretching vibration 
similar to those of hydrnehloi ide.s of primary amines. 

According In the above statements, zwitterinnic amino sirids do not 
show absorptions in the Nil .stretching vibration region at 320U mr'. They 
show a broad band between .SO.'KI ami .31, K) em~^ assigned to the asymmetric 

+ 

stretching vUiration of the NH, group. The absorption of the symmetric vibra- 
tiuu is weak and occurs between 200U and .'UH)U rm~^ [2-0]. It has not been 
identified hi all amino acids. In the majority of casus the bands occur at 
20B0— 2I4U and 2530 —2700 enr* jO). ’ilu* absorptions are strictly dependent 
on the .structure uf the amiuo acids. Aspartic acid, for example, shows two 
bands; 1905 and 2062 enr*; lysine absorbs at 2083 ami serine at 2033 enr‘ 12]. 

nydrochIoride.s of amino acids containing the Nil, group absorb between 
30*19 ami 3145 cnr^. It should be pointed nut that this broad band also shows 
otlier peaks depending on the .structure of the amino acids. Tlic lark of regu- 
larity in these maxima is due to associations between molecules of amino 
acids (in the solid state), rc.sultiiig in large shifts towards lower frequencies. 
This makes differentiations between vOII, vNH, aiict vC.H absnrplinns diffirnll. 

I 

In nitrogen-substituted amino acids the ab.sorption.s of the >NII, or 

>N11 groups occur at 2250— 2700 and 2*150 cm~S respectively (as in hydro- 
chlorides of "econdary and tertiary amines) [6]. 
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Defonnatiun vibrations of the «>NH) gronp give rise to absorptions 
between 1500 and 1600 (iin~* along with those arising from the ion COO~. 
The asymmetric deformation band occurs at 1610 and 1660 cm"^ as a shoulder 
on the broad COO~ band which sonielimes covers it. The symmetric deforma- 
tion band is stronger and occurs at lower frequencies, between 1485 and 
1550 cm"'^ 1 2, 5, 6—9). The asymmetric \ihrntion can be observed in racemic 
compounds, but does not occur in enantiomers [10]. 

Deformations of the NHj group in N-substituted amino acids (c.g., 
sarrohine, proiinr) oceur at 15110- 1600 em"*. The band is rovered by the 
absorption of the CUU~ ion. 

In hydrochlorides oi amino acids (fiOO) whieh do not contain the carho- 

+ 

\ylate ion, the two deforiuation modes of the Nil, group can be readily dis- 
tinguished. The asymmetric vibration band oeeurs at 1500—1610 cm*^ and 
the symmetric one, at 1470 -1550 cm~i. In L-leucine hydrochloride, the fre- 
quencies of the two bands are 15!M) and 1475 rm’"^, re.spertivcly [11], 

1). Vibrationa of Uio (100~ group. In zwitterion {5U9) and anion (602) 
the two vibration modes of the carlinxylute ion are readily identifiable lietwron 
1410 and 1600 cin'-t. The asymmetric vibration baud is strong and broad 

(1560- 1600 rm~^) |6, 12 j. Sometimes it covers the Nil, band. The second 
bund, weaker but narrower, occurs at ea. 1410 cin'i [2]. It is more difficult 
to identify ])ernu.se of Us weakness. Ip naturally occurring alanine (in Klir) 
the Irequencies of the t\so bands are 1502 and 1412 em~^ jll]. In solution 
the COO~ absorption ol the zwitterion oeeurs nt 1618 em*^. In alkaline solu- 
tion L-alanine absorbs at 1570 cm“* [12]. p-Alanine has the same frequency 
(1618 ein~‘) la KUr and in solution. 

The variation of absorptions in this region with the structure al the amino 
arid cun be seen by eompariag spectra of glycine in D^Ofl.t]. In neutral solu- 
tion the C00~ group of {59!)} absorbs at 1610 and 1400 cm~’. On adding DCI 
these absorptions are replaced by the absorptiou of the COOII group at 1710 enr^ 
(002). In basic medium (NaOD), the absorption.s of the rnrbox.yJale ion reap- 
pear nt 1590 and IKK) eiir'. 

I*. Vibratioii.s of tho GOOU group. The carboxyl band only occurs in 
hydroehlorides of muuoearboxylic a-aiiiiao aeids. in dicarboxylic amino 
acids, it occurs along with bands ol the zwitterion. In natural a-amino acids, 
Ihe vC— 0 absorption is shifted toward highci frequencies (1724— 1751 cm“*) 

4 “ 

than in amino aeids witli more remote Nil, groups. The lultt’r have normal 
nlisorptioiis (1700—1730 cur*); for example, the hydrochloride of 8-amiiio- 
viilerir arid absorbs at 1711 riir^ The rise in COOlf frequency in «-amino 

acids is due to the strong — / eilect of the ipiati'niary - Nil, group (the effect 
IS .similar to that of a halogen atom or elcelron-withdrawing group such as 
Oil or C= 0). The —2 effect of the quaU'niary nitrogen atom also occurs in 

N-substitutod amino acids. Fur example, in sarcosinc hydrochloride GH,NH,— 
GH,C001I, the vG=-0 absorption occurs at 1757 cm*^; in N-phenylglyeine and 
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prolinc'j it occurs at 1730 cm*^; in ornithine dihydrochloride at 1739 cln'‘^ 
and in histidine hydrochloride at 1706 cm*^. 

d. Vibration ol Uie NUi group. Salts of amino acids show^ along nrith 
hands arising from the COO~ group, absorptions of the group between 

+ 

3300 and 3500 cm~^ (a1 higher frequency than absorptions arising from the NH, 
groups at 3030—3130 rm"^). The ^Nil) band in ornithine and lysine occurs 
at 151 5 cm"^. If the two NIJ 2 groups are in adjacent positions, as in a, p- 
diamiiiopropiouic acid, tlie band is split into Iwo eunipoiieiits with frequeiieies 
of 1546 and 1477 cm**^ herausc ol interaetiou between the two groups. Jo 
a, Y-diaminobnlyric acid the interaetiou is weaker and the two bands occur 
at 1515 (weak) and 1486 cnrMlistidine shows a similar phenomenon. The bninl 
at H62 cm”* is strong and tliat at 1499 cm”* is very weak. 

e. Vibrationa ol die OH group. The OH group in amino acids is involved 
in hydrogen bonding, and the baud is .shifti'd toward lower frequencies (be- 
tween 31fH) and 3500 cm”*). In general, hydroxyamino acids have a hand in 
the 3300 cm”* region [2]. 

f. Vibrations o( the group R. In naturally occurring amino acids, the 
group R attarhed to the - ClINIl,— GOOIl residue gives rise lo some absorp- 
tions which may be useful io identify individual members of the .series; for 
example, mnnocarbnxylic amino acids with an alkyl or isoalkyl chain show 
GHg absorptions at 1370 and 1450 cm”* and Cllg hands at 1330 cm~* (14, 15]. 
Obviously, glycine does not show the 1370 cm”* hand, and alanine does not 
absorb at 1330 cm”*. Phenylalanine and tyrosine show the characteristic 
phenyl hand at 1613 cm”*. Tryptophane, with an indole ring, differs from 
other amino acids by its strong nhsorption at 1672 cm”*. Spectra of cysteine 
and cystine are very similar between 1660 and 3330 cm”*. Below 1600 rm"* 
some characti'ristic differences are observed [2], 

g. Optical isomers (Enouliomen). Racemic amino acids and the opti- 
cally active forms have idenlical spectra in solution. However, in the solid 
state some differences do occur [16]. The .same differences have also been 
observed in derivatives of ammo acids [17, 18J. Spectra of L-alaniiie and 
D-alaniue show small differences in the 2985, 1540, and 1030 cni~* regions 
[10, 16]. X-ray studies have shown that the two compounds have similar 
ciystalline lattices. 

Spectra of racemic D, Ixicriiie and optically nrtive L-serinc arc suffi- 
ciently different to enable their identification [3]. 

vOH vNH, vCOO- - 

L-sn-lne 3484 3077 1600 (broad) 

D,L-Berlne 3630 - 3125 1670, 1642. 1409 

These differences have been attributed to different association modes in 
the two substances. It is assumed that the racemic compound has stronger 
hydrogen bonds between the hydroxyl group and both the COO” ion and the 
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NH| group. R<‘r'auRr ot this iUr spectrum docs not show the ordinary vibrations 

+ 

of the on or Nif, groups. In L-serino and its enantiomer, l)<serine, the OH 
is very little or not at all involved in hydrogen bonding. Spectra of these 
eompounds show the vOH band al ea. 3*480 enr>. These observations are 
supported by X>riiy studies |li)|. Other amino acids and peptides show a simi- 
lar behavior [2, 10, 20], In conlmst with enantiomers, (lin.stereoisomers have 
different spectra and cun be readily distinguished [2]. 

h, Comiilex mIIh ot uniino aeids* Salts of amino aeids with transition 
metals (Cn' , Ni'\ Zii”, etc.) have been studied exlcnshely in the infrared 
in order to deienuine the nature ol the mein I— ligand bond [21—25]. 

The slruclure of eomplexes, siuh as ethyleiiedinminoUdm-aretic acid 
(llOOOgNClIj-CTIiNOlOOlJ), (F.DTA). bus been studied iii order to deU>r- 
iiiine the ligand fuiieliun of Ibis compound under various conditions {26J. 
It lias been slinwii that in hexndentate F.DTA all COOII groups an* contdina* 
Led. The speetrum .shows a single ahsorptnm at 1G50 cm'^ (the only absorp- 
tion in the 1550 ITtlO em~’ region). In eomplexes m which EDTA is coordi- 
naled by means of two iiilrogeii aLoms and three rarboxyl groups, the fourth 
free e.aTboxyl can lie iveognized bv its absorption at 1750 cm~* occurring along 
with that nt 1050 cm"^ (21, 211]. 
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Infrared spectra of proteins show broad, strong and non-differentialed 
bands as a n*sull of their complex structure. The obvious cause is the diver- 
sity ui amino acids forming the protein moleriile. The broad bunds are in 
fart envelopes ot bands corresponding to residues of individual amino aeid.s 
partially nr totally superimposed. For this reason the primary structure, i.e. 
the nature and sequenee ol amino acid residues ran only rarely be studied by 
infrared spectroscopy. However, investigation of the • Nil— CO vibration 
region can be very hel])liil in eliiridatiiig some problems concerned with secon- 
dary structure. These studies are based on correlations between band shifts 
.'iiid sti-ength of hydrogen bonds, behavior of proteins and polypeptides on 
deiiteralion, and diehroism studies tii the infrared. 

Tlie interpretalion of infrared sperira of complex protein molecules is 
based on work dune with simpler peptide molecules, where Ihc nature and 
secpience of amino aeids are established by synthesis. It has been observed 
that a and ^ lorms of poly])eplides show different patterns in their infrared 
spectra, beliase differently on deuteralion and show a different diehroism. 
11 is thus possible to follow the polymerization reaction by infrared spectro- 
scopy and determine conditions under which the different forms of peptides, 
a, % or random, can be obtained. 

a. Characteristie frequencies. The common group in peptides and pio- 
teins -Nil— CO- involves characteristie vibrations of secondary amides. 
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Aherations in normal frequencies occurring in infrared spectra of some JV^al- 
kylamides in the solid state or in concentrated solution indicate the presence 
of hydrogen bonds and enables one to gain some knowledge of the mode and 
degree of association of polypeptide chains. 

In tbe following sections, some characteristic patterns of peptide spectm 
will be discussed, starting with the simplest ones. 

Polyglycine. Early work on simple peptides [27] containing 2—6 glycine 
residues (di-, tri>, tetra-, nnd hexaglycine) and on polyglyeine [28] has shown 
an alteration of the spectrum with molecular weight. Giycyi-glycine 
H,NCH|GONHCH,GOOH containing two amino acid residues still maintains 
the zwitterionic structure and has a complex spectrum. In higher members 
of the series, spectra become increasingly similar to each other and to spectra 
of proteins. Gharacteristic bands in .spectra of solid polyglycines show charac- 
teristic frequencies of the peptide linkage -Nil— GO: 

vNIl about 3300 and 3080 cni~i, 
vC<» 0 about 1650 cm-*, 
tN-H about 1515 cm-*. 

In addition to these bands encountered in all polyglycines [60S), lower 
members, with 2—4 amino acid re.sidues, show bands arising from the zwit- 
tcrionic structure [27]. 


H,N-(Cri,- CO-NH)„-C1I,COO- 
(m) 

H 

vNlI, ahuut 3080 

■t- 

3NH, about 1630 cm'*, 

SNll, about 1575 enr*. 


0 


-C 


about 


0 - 


1608 rnr* 


1400 enr* 


— COOH about 1680 riii-* 


In low molecular weight pulyglycines with a predominantly zwitterionic 
.structure, the carboxyl band at 1680 cm"^ occurs as a small shoulder of low 
intensity. In higher members, the band of the carboxylate ion at 1400 cm*^ 
becomes weaker or vanishes completely while the band arising from tbe undis- 
sociatedCOOH at 1680 cm~^ group is maintained [27, 29]. Itshould be pointed 
out tlint under the same conditions this band does not occur in the spectrum 
of glycine becau.se of dimerization of the carboxyl [27 1 (see Acids). 

The 3000 enr^ region shows GH, bands at 2925 cm"^ (vGH| asgm) and 
2860 cm*^ (vCH, spot). 
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The 3300 cm"! band assigned to the bonded N~H linkage shows an 
increase in intensity with increasing molecular weight. 

The widely discussed 3080 cm'* band [30] is replaced on deuteration by 
two bands with frcquenrirs of 2530 and 2180 cm“* corresponding to N— D 
stretching vibrations [27]. The spectrum of glycylglycine shows a very strong 
band at 1015 cm'*. It is considered rharacte.ristic for the diglycinc structure 
since it docs not occur in alanyl-glycine and in other peptides where glycine 
residues arc separated by different amino acids (e.g. polyglycyl-D.L'phenyl- 
alanine). It docs not occur in poly-D.L-alanine nr poly-ft-alanine, but does 
arise in some optically active forms of mixed polypeptides [31 , 32). 

At ra. 700 mr* polyglycines have a strong band associated with the 
YCFl,r frecfiienry of the methylene groups. 'Fhe intensity of this band dimi- 
nishe.s ou deuteration. It has been tentatively assigned to a contribution by 
coupling of nn Nil vibration. The baud occurs also in some peptides, poly- 
peptides, iiiul proloiiis [27]. Differeiires in spectra of short chain peptides, 
containing less than five amino-acid residues, and spectra of high molecular 
weight polypeptides also orrur in other representatives. For example, spectra 
of various low molecular weight puly-Y-benzyl glutamates are different. On 
lengthening of the polypeptide chain, the spectra become similar. This enables 
the correlation of tlie observetl differences wiUi a-, fi-, or random conformations 
of chains [28, 33]. 

Optically active peptides with one or several asYinmetrie carbon atoms 
show diffenmi patterns in tlie -NH-GO- vibration region [31]. 

Sjiertra of enantiomers are identical and diifer from those of dinstereo- 
isomers; for example, l)-glyryl-l)-alaiiinc and li-glycyl-L-alanine have iden- 
tical spectra. These spectra differ from those ol I), I. and 1., I) glycyl-alani- 
nts, which in turn are identical [31]. 

Studie.s of pnlyglynnes paved the way toward the investigation of simpler 
annlogs of pejitides and enabled the interprelatiou of spectra of complex poly- 
peptides and proteins. A large number of N-mcIhyl amides {60i) of N-acyl- 
N-hrnzoyl-, N-carholieiizoxy-, etc., amino acids have been investigated. 

RCO-Nll-CII- CONII CM, 

I 

R 

(0Of) 

Spectra of Ihese molecules are .similar to Uuksp of polyjieptides both in 
Ihe 3300 and the 1550 - 1650 cm'* ngion. Acetylglyciiie-JV-inethylamide 
CII 3 GONH— Cn 2 “CONHCH, shows two bands in the N -II stretching vibra- 
tion region, depending on solvent and roiicentratioii [31—36]. In dilute car- 
bon tetrachloride solution, a band ociurs at 3330 cm'* assigned to the bonded 
Nil group. Another band occurs at .3-150 cm'* and is assigned to the free 
NH vibration. The 3330 cm~* band svas assigned to an NH vibration involved 
in intramolecular hydrogen bonding with the C^O group of the acetyl residue, 
eharaeteristic for the folded conformation (SOo) of polypeptides. The 
3150 cm'* band has been assigned to the free Nil group in compounds 
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CH,CONHCHKGONIlR' [34. 35] both in the folded conformation (ddd) and 
the extended conformation {S06). 
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III the extended confonnatinn, the hydrogen bonds are intermulecular, 
Their frequency is approxinialely equal tol hat of iiitrnmolceular - Nil ...0=C— 
bonds in the folded coiiformalion. Because of this, the vNH band at 3.330 cm"* 
become.s .stronger at high concenlrations. 

In aeetylglycyl-N-racthylamidc and .icelyl-leiieyl-N-melhyl amide the 
3448 cra~^ band is split into two hands arising at 3160 and 3425 enr^ when 

the spectra are recorded in vciy dilute carbon 
tetrachloride solutions [.37] (Figure Il-lOfi). 

In dilute carbon tetruchlnride solution, 
bauds arising from the tree Nil in apctyl- 
saline-A'-metlijl amide und arelyliiorloiiciiie- 
N-inetliyl amide occur at 3 172 and .3425 cm”', 
respectiselv. The hand n.ssigned to the bonded 
Nil uccnrs at .3.311 rur‘. At higher concen- 
trations the bonded Nil band shifts to 3310 rin~' 
|37|. In enncentiated ehlorofonn solution in 
which N-n\elhyl amides of acelylainino acids 
are more soluble than in carbon letraehlorlde, 
the spectra show the same bands as in 
dilute carbon tetrachloride solution; two vNII 
bands arising from the free Nil, at 3472 
and :(125 cm'’, and one band arising from 
the bonded Nil, between 3310 and 3311 cm”’. 
The bonded vNlf band of acA^tylnorleueine 
in carbon tetraehloride solution is twice as 
strong as the free vNli band. In chloroform the lattiT is hardly sisible at a 
concentration of 0.1 mole/l. This shows that the solvent affects the equili- 
brium ratio between forms (170,7) and (000). 

In polypi'plides, cliarncterislie Irequeneies of Nil and GO groups occur 
ill all pos.sible forms (a, and random). The most extensively studied are 



Fia. 11-106 Infrared kpectruin of 
acrtylglycyl - N • mcthylamidr 
In U.0002 m carbon tetrarhlorlde 
solution [37] 
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baiuts ari«ng from vCO vibratioos (amide 1) aod from|SNH deformation vibra- 
UonR (ani'de II). Frequrncios of these bands vary with the eonformation of the 
molecule and are used in investigations of secondary structures of proteins and 
polypeptides [38]. The vNH stretching vibration is less sensitive (see Table 
11-223). 

vCO and 8NH frequencies are higher in folded a-forms titan in extended 
p-fomis. These frequencies enable the differentiation of chain types in random 
fibers nnd are useful in studies of coiifigurntion of fibers obtained under diffe< 


Table Il-S2a ChaneterJiUe freaienrlM In prirneptJleii fern'*) 


Vltiralioii lypp 

op-Fonii 

6-Fonii 

FrMIuimelei 
of ttae bond! 

vC-^O (amidp I) 

1050-1660 

mo 

1890 -1700 

IM-H (nmlde 11> 

1540-1550 

1520-1525 

<1520 

vN-lI 

3200 *3300 

3280- 3300 

ca. 3400 


rent experiineutal conditions nr by different sYiithetic pathways. In the solid 
state poly-Y-henzyl-Ii-gluUmnte of low molecular weight absorbs at 1630 cm"*> 
which cmrespniids to a ^-conforiniilion. Iti dilute chloroform solution the 
frequency iiirieases to IRfiO rnr^ and in dinxane to 1680 rm'^. This shift shows 
that in cnnernlrated solution nr in the solid state fi-polyix'ptides form inter- 
nioleeular associations. The new solvent dependent bands are assigned to 
solvated forms. 

Ill this wav il has been shown that liigli molecnlar weight poly-benzyl- 
].-gIiilaiiiatPS (20.000 -3.')(),000) exist in the a-form. Tii the solid state, in 
(hloroform, nr in dioxano. the freqiiencv of the vCO band is l650-{2 enr^ [39]. 

b. Diehruisiii. Polarized radiation has been used exUnisively in studies 
ol L'nnfnrniatioii of polypeptides nnd proteins. 

In order to determine the diehrnic ratio of bands the usual reference direc- 
tion is Ihe axis of the fiber or the streleliing direction of the polypeptide 
film. The bands nsid in dirhroism measuremenis are those arising from the 
eharacterislic vibrations of the --N’ll— CO- group: the vNII streteliing vi- 
bnitioii at ea. 3330 piir', the amide I band (vCO) at ea. 1650 ein“*, and the 
amide II band (8NIT) at ca 15.50 rin"^ 

Table 11-224 shows the dieliroisin of rliaraideristic bands uf some poly- 
])eptides and proteins in oriented films. 

Tah\r II-S24 IMrkioisni nl rtaNraslrriiUe IwoUs In proisiiu mi yalyrnptldM ftOJ 


o-Forni^ (folded) (pTtrndrd) Colhii^eii 

V, rni~^ Dlrhnil'fin v, Dlrhrciiuii v, cm"* DiiliioiBm 


Vlbratlou Ijrpe 
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Collagen and §-keratiue bhnw perpendicular dichroiam for vNH and vGO 
stretcbing vibrations and parallel diehroism for BNII bands. This shows 
that N -II and Cs->0 groups have an approximately perpendicular orientation 
with respect to the axis ol the fiber (41 ]. In a-keiatine vNH and vC-sO bands 
show parallel dichroisiu. The orientation of the respective bauds is parallel 
to the axis of the fiber. 

The interpretiition of the behavior of polypeptide chains in polariBcd 
infrared confirms the folded model proposed by Pauling and Corey [42, 43] 
for p-forms and tlie a-helix for «>furms. In the folded model the peptide groups 
of the fibers are planar because of amidir conjugation between forms (607a) 
and (607b). CIIR groups are alternatively out-of-plane on both sides. 
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Polypeptide chains can be oriented all in one direction (parallel orienta- 
tion) or in opposite directions (antiparallel orient alinn) (4.'1(. 

In a-forms, polypeptide chains have the aspect of a lielicoidal staircase 
^herc each amino acid residue corresponds to a step. The stability of suih a 
structure is due to hydrogen hooding between C— 0 and Nil groups of superim- 
posed roils. Here too, the chains cun ha\e a parallel or imtiparallel oiieiilii- 
tioii. 

Ill solution, chains can liiise a random ronii. 

Talile II-22.~) sliovs iiilniliili'd and experiiuentjl Milucs for frequeiieics 
ol \arious form.s of polypeptide chains [11], 


Tabit U-iij Fmiaendfii (riu~’) In poljrpr|illSni 

Ainiflv I band Amide II baiiri 


Pul>peplldc 

form 


DiihruiMii ChiU'iiIhUhI iiliscnrd I'nlculaM 


raralli*] folded rliaiiis 

Anli|iarallrl Toldrd 
cbaliis 


Parallel exlriirlcd dialii 
(Nylon 66) 

Qc^lclix 


7C 

m 

10(8 

i.'iaii s 

1)30 

O 

16.10 J! 

m2 

1550 u) 

1550 

TT 

1 1)8.1 N> 


l.'iltOf 

(1530) 

tJ 

16.'U s 

1632 


1540 



166H 


1550 


1610 

1640 

1540 s 

(1510) 

7T 

16501 

(1650) 

1516 le 

(1516) 

a 

1052111 

1647 

1.S46* 

1540 


1656* 

1658 

1535 S 

1535 


Handom 
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i . Extended forms. Studies iMsrformcrl on Nylon 66 (Fig. IH07) show 
that this synthetic polymer containing — NHCO - linkages separated hy four 
or six methylene groups exists in a completely extended form with parallel 
rhains. Hydrogen bonding occurs between CO and NH groups of neighboring 
chains. In forms with a high degree o! crystallinity, the frequency of the amide 
I band is IBfO cm~*. The amide II band occurs at 1510 cm”' [41], 
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Fig. IM()7 bxlrnUed rhalnk (Nylon l)(i). 


Ill anlipuinllel Imjeis, tor exiimple, in polyglyciiie |27, 11], the amide I 
hand is split into a doublet. Tlie rnmpnnenl at IBS.'i em~' has a weak paral- 
lel diehroisin and that at ll).')2 rn^^ a }n'rpendicnlar dicliroisni. The splitting 
of the band (Av-- .TJ enr^) was attiibiitcd to vibrational interactions between 
ehains. The amide II hand has a freqiieiiey of ir>'10 eni~^ and sluivis a parallel 
diehroisin. 

An example of pmtilr! folded layeis is |)-keraliu with two amid" I bauds, 
one at 1615 ciir' ^^ith parallel duliroism and the other at 1630 cm'* with 
perpendirular diehroisin. This is in agreement with the euleiilaled value.i of 
1018 and l(i,‘i2 em"^ respeelively (Table 11-225). The .splitting of the amide I 
band (Av-lfi em"^) is due solely to chain iiiteractinn.s. Tlie amide II band 
nenirs ab 1510 enr‘ (parallel dieliroism) and 15.50 enr’ (perpendicular 
diehmi,sni). 

liiKsed on these I'bserviitioiis, some erilcria for differentiation lielweeii 
parallel and antiparallel folded polypi’pliile chaiiKS have been proposed. Both 
eonfurmatioiis have an ninide 1 band with perpendicular diehroisin ul 1630i 
1 5 cm“*. The amide 1 band with parallel diehroisin at IfiS).') rm”^ oecnrs 
only in antipnrallel chums and is ehiirarteristii lor these conformations. 
The presence of a baud at 16,10 cm~*^ with perpcudieul>ir diehroisin and the 
absenro of a band at 1695 em~^ suggests the existence of parallel folded chains. 
These coiielnsiuns are .supported by the presence of a second amide I band at 
164.'i eiiti“i. 
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Tdblo Tl-22<'> shows frequencies of amide I and amide 11 bauds and 
dichroism iii some polypeptides and prufadns with extended chains. 


Tablf 11 JiS VMqamein of omilo 1 and amide II hands (em~*) In eilanded ranfor* 

matlmiB |tlj 



Ajnldc 1 

Amide II 

Subbtuncc 

DIctarolMu It 

nichrolun a 

Dicliroism n Diebroinn o 

lloise hair 

1G45 

1630 

1530 1550 

Silk (Bombix mori) 

1695 

1634 

1520 

Pulyglyclne 1 

IGSri 

1632 

1530 (1550)* 

Poly-Y-niL'thyJ-J.-elulaniuU> 

1602 

1627 

1521 

Poly-L aluiiiae 

Sodiuhj poly-a-L-gluLaiualt' 

1695 

163.0 

1520 

(Pr* 

JV>deuti*rf» mmIiutii puJy oe K gluLa- 

IGUl 

lG2r> 

1525 

inale (P')** 

IbSO 

1620 


Poly-L JvBiiiP ■ IICJ 

1690 

lC2r> 



" Impurity. 

•* P'- Forms pusi'nl ivlirn luimidily is U‘low 10% |4lu] 


2. llcliroiiJal forms (y-hrlir). Calculated values for frequenries of Ihi 
«-heli\., the fundamental slruclure of proteins and polypeptuies are shown 
111 Table 11-225. It is to be expected lliat in this confornialiun both compo- 
nents of llie amide I band (parallel and perpenriinilar) w'onld occur at ca 
1()50 ciii”^. The parallel amide IT hand oeeiir.s at ra. 1520 enr' and llic pei- 
liendiiiilar one at ea. 15.50 cm“*. 

11 has been shown that in poly-Y-benzyl-L-t'lntamate tlv an|?le helween 
the direction of the Iransilion moment in amide 1 and amide IT hands and 
the axis of the helix is 20 -HI® and 75 -70®, respectivelv. 

Spectra of oiieiited lilins of poK-Y-l)cnzvl-l,-glHtauiale (b'lfj. Tf-lOK) 
and ]>oly-a-l,-g1ulaiiuc acid in helicoid.il conforiuatioii (recorded in walei 
and duixaiie) show iiarnllel and (n'l'pendieiilar amide I and amide IT hands 
of the x-lieli\ (rahle IT-227) jllj. 


Table 11-H7 Vka|u»py of aiulile I and amide II banda (em~') in o-helieoidal farmv 141] 


SulisUncc 


AmMf Ibnnd Amide 11 band. 

Dichroltmn Diehrolum o Dichroibm n Dlchrolbtu o 


Po] y- Y-hmayl-L-gluiamuie 

1650 

1652 

1516 

1546 

Poly-a-L-glatamic acid 

1650 

1650 

1515 

1550 

TSlephanl hair 

1660 

1660 

1615 

154.5 

lIorbB hair 

1650 

1645 

1620 

1.550 

Kpidrrinis 

1655 

1655 

1620 

1515 
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Oldrr obaervaiioiiB showing that 1 Ju> 1630 ciir^ band of the extended form 
has a larger diehroibin than that of the 1650 cm"* hand of the a-heltroida 1 
form are because in the latter case tlie baud is split into two comiunients with 
opposite dirhroism whereas in the former 

case there is a single band with o^di- DMx > — ' ■' - r— ■ 

chroism. 

Studies of infrared spectra of heli- J 

coidal polypeptide chains show that in ^ J j A 

the K-form the helix is preferentially V i /'\A/v 

oriented in the same direction as the V f\\ I / 1 / 

stretching vibration and the N— 11 and , V / \ 1 ^ / ’ ’ 

C— 0 bonds are parallel to the helix axis. 1 ' / 1 ' ' / ' / 

For exampH, in poly-Y-benzyl glutamah* V S j j' 

(44], the vNU frequency (3292 cm"*) and n 1 / * 

the vC— 0 frequency (1053 cm"*) show - 1 / 1 / 

liarallel dichroisni. The Nil defonnation ^11 

band (1519 cm"*) shows perpendicular I I 

dicliroism. The ester vCO band (17,50 ^5 • l| 

cm"*) does not show anv dirhroism. V 

3, Random forms. Tn these forms the ^ ’ 

amide I and amide II hands occur at ' 

1060 and 1535 cm"*. . . ■ I 

Studies perForna'd with iiolaiized 1700 J600 IbOOan'^ 

radiation has e showm that the sohent In the 

used in film pivparatum can fuMii one sprctnim of p«ly* Y-lHii*yI-L-glulaiimtP 
form over the Olhei. lll polj-D, 1,-ala- (nrufnlfdfwrmliwmrhlwufwmsolullons). 
nine, the e'^'milcd B-forin is fasnred bv Hue - pk-ctnc vprl«»r of Ihr pohi- 

cresol and 111 p«ly-Y-mrthyl-L-Hlulamate .loiiiid line - riec- 

aiirl JII llio iMil)ol\mi'r trie \ ectorpcrpuiilicular to Lhodnci lion 

tamate-l), L-plu'nvlaKiiiiiu', Ibis torin is of orientatliin [411. 

favoml bv runiiir lu ul. If thr lopoIyiiuT 

Y-niethyM.-glntaniatf*-I),l--i)lu'iiyla!!niinr (1.1) is invpuriMl in tii'sol, ilie 
a-heli\ is favored (Fig. IHOO). 

Insulin l\iis an a-ludicoidal rojifurjinilinn ^^luMl llielilin is pn^parrcl iii m\sol 
(vCO KiOO ^n‘^ rtirliroisni o) siiul an cxUiicKmI p-form in foimic ai id [1.1, lb]. 


Fig. J1-1U8 DitUroibin binds in the* 

sppctniiti of p4)ly- Y'hi’iizyl'L-glulaiimtc 
(or lenUd form from rlilorof nrm Aolullons). 
Solid Uijp - rliTtnc vprlor of Llir pola- 
ri/cil radliUun to the (Irn'C^- 

lion or iiruMitalJon; dollud lliir — r1rc« 
trie \ector|ivrpi'nilifu]ar to Lho diici turn 
of orientatiiiO [41]. 

1.1) is pivpari'il in tit'sol, ilie 




3S00 3200 VOO WQQ VOQ fbHO fSOOcm 

Mg liifnired bpranim of poly-Y-m^'ll^yM' glalainatr and DJ.-pheiiyialQiiUip 1:1, 

film fi oni m-i rosnl Solid ime * electric vpitor 4if the perpendicular polarircd rnrliot Inn ; do Urd 
line— olcclric vector of the parallel polarized radiation. 
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However, in ttomr caseK the behavior of polypeptides is independent of 
the nature of the solvent (c.g. in tryptophan bands show the same dichroisni 
in various solvents). Consequently, results obtained in these studies liave to 
be inlrriireted with caution. 

Polarized radiation en.'ibles the study in tlie infrared of a-^p^^transforniu- 
tion.s of fibers as a function of pll, solvent, humidity, mechanical exten- 
sion, etc. 

By varying the pIT and the humidity of poly-a’I.-gluianiate (.sodium 
salt) and of poIy-x-L-glutamic acid, it has been shown that the transformation 
a*helix as non-helix is reversible fl7|. The spectrum of an oriented film of 
poly-a-L-glutnmie arid [48] prepared in dioxane-water is characteristic for 
polypeptides with an a-helicoidal structure [if]. The vNH band (3300 cm“>) 
and the vCO hand (1655 cin~^) show parallel dichroism and th4 amide Iff 
band (1550 cm~^) shows perpendiculnr dichroism. The strong bond of tlie COOII 
group orrnrs at 1710 rm~^. but it shows a weak dichroism. The absorption 
of the COO” ion at 1575 eni"^ doe.s not oceor. In the sodium salt of poly- 
a-T.rglutamic acid at pH 7.3, the dichroism is 'weak, but the spectrum is 
characteristic for ^-poh peptides with an e.xtended conformation (3.300 cm”', 
o; 1C55 cm”^, it). The 1550 rm”* l):ind is shielded bv the strong absorption of 
the COO” ion). After aeidifiention, dialysis, and lyophilizotion, Ihe dioxane- 
water solution again shows the ehararteristic spectrum of the a-helix form. 
It has been observed (in the case of poly-li-lysinc • IlCl) that the a-sp-trans- 
formation takes place simply Ity altering the humidity of the sample [lOj. 

In solid poIy-a-l.-g]utamate four forms correspondiiig to hydrated and 
dehydrated a and p forms have been ob.served. When the humidity falls, the 
P form appears and when it rise.s the spectrum is that of the a-fonii. Tlie 
unionized acid exists in the a*forin at any degree of humidity [47|. 

Dichroism studies in poly-T.-serinc show that this polypeptide occurs iii 
aiineous solution in a random or coil form. The fact that on deuteration the 
amide I band romii ins at 1058 cm”' (cf. 1610 -1615 cm"' in the a-helix form) 
shows that the random form is murh more likely. In solid pn1y-CI-aeetyl-I.- 
.serio<‘, the spectrum shows an extended p-.structnrc with aiitiparallel chains [50]. 

in simple dipeptides, results obtained with infrared spectroscopy agree 
with tliose obtained hv X-ray studies [51]. 

r. Deuteration. Valuable information regarding the secondary structure 
of proteins and polypeptides has been obtained from studies in DgO [52—62]. 
The kinetic :inalysi.s'i)r the isotope exchange read ion of insulin [53], ribonnclc- 
ase, .’md myoglobin |51]|in DgO has shown that these molecules have t«o types 
of hydrogen atoms; some w'hich are readily replaceable by deuterium and others 
which do not undergo exchange. The kinetic results arc supported by studies 
of infrared spectra of some solid proteins. From variations of the vNH band 
at 3300 cm”', the nature'and number of hydrogen bonds in the macroniolecule 
have been evaluated [54]. 

In the ca-se of fibrous proteins, for example, a-keratin, it has been observed 
Uiat the macromoiccule in the native state is not sensitive to isotope exchange 
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in I>|0. Only when some hydrogen bondi are destroyed are there indications 
for H~D exchange |54]. The conclusion is that the hydrogen atoms resisting 
exchange belong to tlie organized structure of the macromolecular fiber. 

By observing the variation of the optical density ratio of amide II and 
amide I bands with time in proteins dissolved in DgO, it has heen shown tlial 
the dculeratiou time required 1o 
achieve equilibrium is the same Ufi 
for many proteins [57]. The dia- 
gram in Kig. 11-110 dhows tlnil , 

isotope exchange is fast during 
the first minutes, then it slows 


ifl" H9 


Fia. IMin Draleratton rate ot chymoiiypsln (&■ 
In D,0) [R?]. 


down in going toward cquilibri- ign 

iim. The first phase is sittribuled 
to dcuterntum of the random re- ^ 
gion of the polypeptide chain [57 ] . ^*1 

The region undergoing slow deule- 

ratiouisattributedtoamidehydro- gg, 

gen atoms from the helieoidal poT- A* ^ Vk" hm 

tion of the chain or to other tvpes * 

of strong bonds. After 24 hours a F«a- H-J Hi Denlwnllon rate ot chymottypiJn (B ' 

certain amount of amide hydragen *" 

atoms still remains unchanged. 

Oil heating the isotope exchange goes to completion. The portion of the 
molecule resisting 11- L) exchange is the hydrophobic region with very strong 
hydrogen bonds. 

Table 11-228 shows the amount of amide hydrogen resisting isotope exehan- 
ge (HARIE) as a function of pD. The values obtained in the infrared are 
higher than those obtained by the optical rotatory dispersion method. 

Y-Globulin has a small amount of hydrogen resisting isotope exchange, 
whereas in insulin about half the hydrogen atoms are involved in strong hydro- 
gen bonds located in hydrophobic regions. 

Ribonuclease [58] shows a phenomenon which has not been observed in 
insulin and poly-D, L-alauine. Part of the hydrogen dues not undergo deutera- 
tion unless the natural structure of the protein has been perturbed. The 245 


Tabu II-22B Amout of amide lijfirageD ralftlnf liotopv 0 i«b»i|e 

HABIB, % 

Protein pD 

■Iter 10 min after 24 hr 

Inenlln 

2 

60 

12 

Ovalbumin 

5 

50 

20 

Ghymotrypiin 

4.5 

43 

15 

Beef plasma albumin 

5 

40 

0 

HJbonuclease 

4.5 

35 

12 

P-Lactoglobulln 

5-5.5 

25 

10 

Ghymotrypiin 

4 

20 

10 

T^sin 

4 

14 

5 

Y-Globullii 

4 

<10 

<10 
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rtplaoeabic hydn»gen atoms ui insulin are divided into fourcategori es: 175 an 
rapidily replaced, 25 are alotvly replaced atO", 25 are replaced at 3B*C in 24 
hours, and 20 cnnnnol be replaced even at 38*C. The last 20 can be replaced 
only at the transition point (OCC and pll 4.8). 

The same phenomenon has been observed in other proteins: pd.actoglobn' 
iin, chyniuirypsiuogen, sjierin myoglobin, and serum albumin. 

Studies of infrared spectra 150] have shown thnt the 20 hydrogen atoms 
not undergoing isotope exchange an* involved in hydrogen bonds with nitrogen 
rather than w ilh oxygen atoms. Uy comparing the spectrum of ribonuclease- 
JlgO deuterated lielow tlie transition tempernture with that of completely 
deutc'rnted ribonuclease above this temperature, it cun be seen that in ribonii- 
clease-IIgO the 20 hydrogen uloms are involved in bonding with nitrogen, the 
same as in puly-Y-ben::yl-l.rglut!im:iie |;t8|. The interpretation of protein spec- 
trii is based on deuleratioii studies of polypeptides of known strurtiire and 
roiiformation (e.g., poly-D.l.-nlaiiine with its 30 amino aeid residues in a 
helicoidal conformation) [51, UOj. 

In the case of poIy-x-L-gliitamie aeid [57] the amide 11 )>and at 1550 cm"' 
has been chosen for .studies. It lies in a region of weak JljO absorptions and 
i.s more isolated than the vNIl btmd occurring at 3000 cm"'. On deuteralion 
the band shifts to 1150 rm~' [61]. The isotope exchange can be followed by 
m(‘n.suriiigthe rite atwliiehtbeoptiral density of the 1550 ein”' baud decreases 
It bus been shown that unionized pnly-a-I.-glutamic acid exists in the a-hclix 
form boll) in the solid .state and in water-dioxane solution. The sodium salt 

has a random conformation 


'X ’ * ' which, however, can be ori- 

. \ Av eiited so as to have u |3-e.on- 

\ I \ I '''\ / formation in the solid state. 

V ■ \ I \ I' Consequently, the amide I 

\ A P 1 / \ nlteri'd on deu- 

i \ 'A'l /' 1/ '*>» teration. The amide II baud 

■*3 V/v /' ^ A' vanishes, being replaced by 

^ V y, II '• the 1450 em~' band (Fig. 11- 

% aj ; : 111). 

^ y I ! The rate of exeliange of 

■ m' the ninidc hydrogen atoms 

Oi ■ ^ is slower in the acid (a-helix) 

'■ than in the sodium salt (ran- 

0 nftn 4r ein M/k/l dum). 

Complete deuteration of 

Fig, IMII Infrared spectrum ^ poly-oc-L-glulnmlc wld. p„lY.«.L.glutamicacill(wilh 
Solid line - undentented; dotted line — romplelely -tpi!, straetiiii as 

deuterated (5% lu 1:1 dioxane - U^O) (57). * neiix strueture as 

established by optical rota 
lory disyiersion) takes place in 24 hours at pD— 4.2, whereas in the sodiuDi 
salt the exchange takes place in 10 min. At pi) 3.5 a band occurs at 1705 em~' 
because of interaction of terminal COOH groups in side chains, Deuteration 
is very slow at 50* (it is not complete even after 168 hr), but it is fast at GO^C. 
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In fopolymei^ of L^latnmic acid>>Lr]ysine with a pAVlifllly random and 
partially «-helicoidal conformation [63], the rate of isotopr exehange ngfec$ 
with data obtained by the ORD method |37, 38, 5B, 57J. 
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CHAPTER 12 

AROMATIC HETEROCYCLIC COMPOUNDS 


la spcclrohco])} , ab wll a& in urgunii' rhenustn [1] beparut ' treatment ul 
aromatic heterocyclic compounds is justiiicd by their specinl properties*. On 
replacing a CH group in benzene bv a heteroatom (oxygen nr nitrogen), the 
mass effect is relatively small and the electronic distribiitiou, the essential 
iactor which delerinincs iorre constaiiLs, is pracLirally unchanged. The infrared 
spectra of the two clabse.s of compounds show many similarities. \s in benzene, 
ring substitution is aciompanied by characleriblic nbborptions. Some of them 
are independent oi the nature of the substituent, whereas otheis are affected 
by its electronic etiects. Finally, the dilference in polarity between five- and 
six-membered iietetouloinic lings (determined bv different wass of generating 
the aromatic sextet) has a characteristic effect on the corresponding infrared 
spectra. 

Spectra ol lundamental monohelcroatomic aromatic heterocyclic compo- 
unds arc described in the following sections, 

. 1 . Fwr-memiHred ring rnonoheteroaiomic rompounds 

Parent i,i)iniiourids in this class have a planar pentagonal bkeleton. The 
pre.senrc of the hctcroatom results in a Ct^ symmetiy of the system. Furan 
and thiophene have 21 vihrution modes each. Pyrrole with one extra atom has 
21 vibration modes. Figuie 11-1 12 shows the 24 fnndamentul s ibration modes in 
Gif symmetry. In furaii and thiophene vibration modes v,, 'j,,, and enires- 
ponding to Uie three degrees of freedom of the hydrogen atom attached to 
nitrogen are absent 12—4]. 

Assignments of fundamental vibrations lor furau (51, thiophene (h], aud 
pyrrole |4] are shown m Table 11-221). 

b. Six-membered ring manohclrroalomic compounds 

Six-memberecl ring ainmatic heterocyclic compounds formally result bs 
replacing a ClI group in benzene by a nitrogen or oxygen atom [1]. The 
aromatic sextet, formed by three pairs of n electrons (as in benzene), makes 
the stoiicture and behavior of these molecules analogous to that of benzene. 

The skeleton of the fundamental compounds, pyridine iiud the pyriliuni 
cation, has n planar-hexagonal conformation. On replacing a CH group hy a 
heteroatom, the Dm symmetrc' of the benzene ring is reduced to Gsri m 

* The other (nonuromatic) heleracyclic compouads are analogous lo the uotrespouding 
dcyelle compcnindti and are treated together. 
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FIr. 11-112 Nonna] vibration modu of the oviTole molecule. 
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inonosubstiLuti'd iK'iizrnos. Pulyhrtpioatoinir compound'; can have iii termed iatc 
symmetries (1, 3, S-triazine, 1)^) or lower symmclries [7, 8], 
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Pyridine and the pynliuin cation have a symmetry axis Cj. passing through 
the hctcrontom and two ptrpcndicular planes of symmetry ir , Their 
intersection is the axis. 

The 27 vibration modes aie distributed ns iollows: 10 *li, !1 JJj, Ti 
active in the infrared, and 3 acthe in Raman. The assignments are shown 
in Table 11-230. 
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Vibration inodes 7a. 'ib, and 17b of the udditional hydrogen atom in 
benzene have been excluded from Table 11-230. Also excluded are fundamentals 
10a, ICa, and 17a of the A, species, nelivc only in Haman. 

The vibrational analogy between benzene and pyridine is also valid for 
the pyriliuin cation [9]. In the series benzene, pyridine, pyridinium cation, 
pyrilium cation an increase in HC — C, yC — C, and KC —H deformation frequencies 
and a decrease in yC— H deformation freqnenrics have been obscr\'ed. 
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The ring C—C stretching Mbrutious Ku, 8b, 1i)a, and lOb, degenerate 
nod forbidden in the infrared specLruin of benzene (Dsa) are active in monoal- 
kylbciizenes (Fig. 11-52). The freqnrnry difference hetw'ecii components a and b 
is 0—10 cm"^. In the heterocyclic series with Cat symmetry, the .separation 
between Vg^ and Vgt bands increases steadily from (60h) to (611) by 0. 11, 30, 
63 cm~*. In pyrilium salts, ,3v is the largest. 

In pyridine the intensities of vg« und vig, bauds ure higher than those ul 
Vgt and vigt bands, whereas in the pyrilium cation the ratio is re^eIsed. 

Vibrations vm and vgQg, degenerate in benzene, ure also split. In the 
(608)— (611) series the distance between the two components increases from 
47 cm“^ in pyridine (I^'ig. 11-113 a) to 108 cin”^ in the psrilium cation [9] 
(Fig. Il-113b) (Table 11-230). 

Quinoline. The spectrum of quinoline (612) lid, 11] und of substituted 
derivatives [12] has been interpreted by analogs vith naphthalene and ortho- 
disubstituted benzenes. 
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Of the nine theoretical bands (vC— C ring), eight occur in the 135U- 
1620 cm"^ region [11]. pCll and yCIl deformation vibrations between 800 and 
1350 cm*^ depend on the number and position of substituents |12.13|. 

Frequencies and apparent intensities (e*")) in quinoline are: 1622 (25), 
1598 (35). 1570 (40), 1506(110), 11.37 (10), 1453 (10), 1435 (1.5), 13% (15). 
1374 (25). 

Acridine and deriifaHves. Spectra of acridine (613) and substituted deriva- 
tives [14] show three bands in the vCIl region, at 3030^10, 3066±7. and 
3077±cm-J. 
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. Three bauds (combination or overtones) are characteristic. They occur 
M the saturated vCH region at 2950d:10, 2917:1:3, and 2848:1:3 cm*^. 

In the 1360-1C30 cm"^ region acridines show 7-9 bands of appreciable 
intensity. Their position and intensity vary with the nature and position of 
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subsliluents in Die licleroryclic ring. The mean frequencies of the. seven l)and.s 
tieeniTing in acridines suhstitnled in the '.t-position are: 1(128 1.-3, ](i()3-i-7. 
ir)l(112. 151'J±1. 11(11 ^ 2, M31±3. and 1397 1:2 riir> (11, IS]. 

The ling piilsalion gises rise In two chnnicteristic bands at ca. lOflO cm“*. 

c. The elfeel vf llir heleioetjclu liiuj on the vibraiiom of the fimriional fjriwp 

In aronialie heleiocyclir syslt'ius, the tt elcclrons ol Ihe aruinnlie scxlcl 
are conjngateil wilh p nr n eleclioiis of the functional group. Alterations in 
bond oriler, lienee in frequency of the functional group (cf. tlie same functional 
group attached to a benzene ring! reficcl the electron-releasing or eleitron- 
attracting properties of the heterocyclic ring. 

Keeping the funelinnal group (e.g., COR, ClIO, COOR, COOll) constant 
and varying the helerocu-lir ring, it can be seen that five-memlK*red rings 
{(il4) are electron donors, favoring shift. s toward structure (615), This results 
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in a decrease in vCO frequencies, Six>membered rings raise the frequency; 
consequently they are electron acceptors. Frequency shifts depend on the elec- 
tronegativity of the heteroatom in both cases. 

— 0-x-v- 

f«U) tsisj 

The difference in behavior is because ul a different electron distribution 
in five-mcmbered rings, cf. six-menibered rings. In five-membered rings (616) 
the heteroatom has a positive polarity (a larger contribution of dipolar struc- 
tures enriched in electrons in the 2- and S-positions). 





<(>«!} 
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Tile contnbulioii of structure.s (filGti) and {616b) increases in the order 
0, N, .S, paralleling the decrease in elerlronegativity of the heteroatom. Coiise- 
queiiLly, the elcetron-releasiiig rhararti‘r of the ring will be .stronger in the 
a-position than in the ^-position and will increase in the order 0, N, and S, 
The bond order of multiple bonds in functional groups dcrrcasr.s. Thus the 
frequeiicies of the corresponding bonds {617a) decrease. 



(BIS) (Sm) (dtSh) 


Electron-relca.siiig .substituents (Oil, Nil*) with a E effect increase 
the electron density by means of structures such as {618). 

In six-membered ring heterocyclic compounds {619), the — / and - E effect 
of the heteroatom result in a general decrease in electron density which is more 
significant in the a- and Y~positions {6I9a, 619b). The electron-attracting 
effect of the ring on the functional group is felt stronger in the a- and ypusi’ 
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aoa 

fjups thiiD in the ^-poRition. In Bix-mcmbered heterocycles substituted with 
GOCHa, COOR groups, frequencies of double bonds in functional groups 
are C— 20 cm'*’' higher cf. analogous compounds in the benzene series. The effect 
is stronger in compounds substituted in the y-position than in the ^-position 
[2, 7, 16, 17]. 
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Abney 25 

AbNlulp InU’gratrd band intensity 113 
Absolule sravenumbrr 111 
Absorbance 108, 110, 112 
drradie 108 
Absorbance index 109 
Al>soi:])toncr 107 
Absorption 110 
by resonance 24 
of radiations ?8 
Absorption bands 25 

infrared, shape and iiitenslly of 112 
presentation of 110 
Alisorptlon eoeffieieul, drcodic 108 
maximum 113 
Absorption lava 107 
Absorption siiertriim 21 
Absorptivity 108 
Acenaphthylene 219 
Acetaldazlne 325 
Acetaldehyde 342 
Acetals 287 
Acetamide 442 
Acetanilides 446 
Acetic acid 390 
K-substi1uted 391 
Acetic aniiydride 430 
Acetone 342 
Acetonoxime 33 i 

Acetophenonc-o^corboxyiic acid 413 
Acetophenones 371 
substituted 358-bO 
Acetylacetone, liquid 380, 381 
Acetylbenzoyl peroxide 137 
Acetyl chloride 224-26, 418 
Acetylene, 101, 195 
substituted 106 
Acetylenic acids 403 
Acetylenic esieis 425 
Acctylglycyl-N-raetliylamldc 486 
Acctyl-lencyl-N-methyl amide 486 
N-Acctyloxasolldone 468 


N-Acetyltetrahydro oxazlnone 468 
N-Acelylurethanes 468 
Acridine and delrvatlve 500 
Acyclic alkencB 166 
Acyclic carbonates 465 
Acyl peroxides 437, 438 
Acyl-nroyl peroxides 437 
Adipic arid 394 
Alanine 482, 491, 493 
Alnihol molecules, hydrogen bonds bet< 
vecn 25(1 
Alcohols 249 

acyclic primary 258 
acyclic secondary 259 
cyclic secondaiy 259 
di- and polyliydroxillc 264 
functional derivatives of 282 
primary 258 

saturated 249, 250, 421, 423 
secondary 258 
tertiary 200 
trilerpene 257 
unsaturaled 422 
uruataratod and aromatic 260 
Aldazincs 325 
Aldehydes 325, 343, 347 
aroniatic 347 
conjugated polyenic 346 
crotonic 317 
ot-Iialogcnatcd 360 
hydroxy- 376 
propargyl 347 
saturated aliphatic 344 
unsaluratcd 341 

R, P-unsaluratcd, with one double bond 
344 

a, ^-unsaturaled, vrith triple bond 347 
Aldoximes 333 

Aliphatic acids 304, 397, 407, 410 
salurated, esters of 421 
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Alkanes, higher, absorption hands in 129 
Straight-chain 124 
Alkms 171, 105 
acyclio 166 
bi- and polycyclic 183 
monocyclic 180 

with conjugated double bonds 180 
with isolated double bonds 186 
Alkenyl rations 223 
Alkyl acrtule 422 
Alkyl acetophenones 359 
N-Alkylamides 444, 447 

1- AlkvM'azacyrIauoloucs niul ptt chlorate 

321-22 

AlUylbcnzencs 218 
Alkyl bromides 241 

2- Alkylbi\ladienes-l . 3 J87 
Alky] carbonates 100 
Alkylearboxylic acids 300 
Alkyl clilorides 238, 230 
Alkylcyc1ohr\ant>ls 250 
Alkylryrlnpi'iilannls 2(»3 
Alkyldisiilfidrs 292 
Alkyl esters 430 

Alkyl group 338 
Alkyl hnlldrs 238 
2 /rr/-AllcvIl>bciiols 28ii 
Alkyl radical 305 
Alkyl salicylic iicul ltd 
Allciies l‘i3 

Amide I hand 111, 110, 110, 48^1, 4')f), 10 i 
Amide II band 111, I In, 117, lou. OK 
Amide 111 band J17 
Amide IV band 1M, 117 
Amide \ band 111. 118 
Amide VI bund 411, 117 
Amide hyJroacii icsislin*' isrdofM' tvilnip^c 
493 

Amides 13!) 
uliplulir 112 
aioinatlc 412 

charactcristh fict|unuii^ in 412 
cyclic 4 l*i 
])iimaiy41u, Ml 
secondarj' liu, 411 
lerliarj-'4 4K 
Amines 315 

aliphalir 310, ,317 
aioniatic 310, 317, 323 
cyclic secondary’ 318 
derivatives of 323 
hydrogen bonds in 318 
priniaiy^ .315 
sails ol 323 
secondary 317, .322 
lertlai^* 323 


Amino acids 479, 485 
complex salts of 483 
dirarboxylio 481 
hydrochlorides 480, 481 
nitrogen-substituted 480 
racemic 482 
sails of 4 82 
zwitter ionic 480 

p-Aminobrnzpne-diaronium tJuolmrate 327 
Aminoketonrs 322 

Iransannular rfferts in 320 
Aminoxides 321 
Amp6rc 21 
lerf-Amyl 221 

Angulai momentum of elretions 51 
Anhannouieiiv 97 
Anhydrides ol caiboxylir acids 13 i 
Anion 481 
Anlhraeeiie 218, 219 
Aiiti-ronligiiration 97 
Apparent half band wnllJi 113 
Appnient iiilegialcd inlensiiy 111 
Apparent inolnr nbsoiption eoellieienl 114 
Aiomatie acids 4tf8, 410 
esters of 424 

wilh satiirnlid nleoliols 423 
Aiomalie luleroevelie [om|iounils t‘i7 503 
Aioyl pcroxiclis 43/ 

X Aivlaimdes 441, 4 10 
Asyniim li If top 08, 105 
A'^nmuiim h K \ilirulion> ^ iliiilions 
\lomir speeliii 27 2‘i 
A/idfs 332 
aiomalif 3,2 

A/^miii1bal f|it.inhnn niMiiloi :>7, 2‘> 
A/ims 325 
\7oben/nifs 
A/ouini])i>uiifb 31*1 » 

A/oimllimes 321 
A/ow eompiiuruh 3*'‘5 
A’^ownielliaiif '120 


Jl-nul iutuisily H'J 
deleiiniiialirm oi 114 
Jhers law 108. 100, 111, |I8 
Ilen/aniides i r? 

Hen/piie 104, 200, 497, 4'in, r.Qi) 
disubstiliited 207 
inoiiosiibsl Hilled 20.5 
Ih'nzene ring 254, 301, 1U7 
Ikii/enedinzoniuni salts .326 
nenzU-o-carboxylic arid 413 
Benrontes, ring substiLnled 407 
Ifenzocyrlanones .363 
Benzoic acids, snbbtituled 401 
Benzole csleis, substituted 123 



r^enzoinlrUc 4r)0 

44:^ 

nmiKophenoncs, substilulfcl 
Bfiixoqumoiu* ;ui7 
Hemoyl piTOXirlrs i:?K 
'ifUcnzoylryplHiioiirii 
Deii/oylUiuxotCjllr rsU'i* Ti!) 

Hiryolic cc)Jii|M)iinds ITtf) 

BUyrlo [:).2.0.] lu'))la(lieiie-2,() IKIi 
Bhyrio |2.2.1.] lu'ptinr 2 18.'^ 

Dfiyclo i;i.2.0.] in*|iti'iif‘ 2 I8;i 
MWrlo 12.2.2, 1 oclulritnr 2,rk,7 (lisiiii 
\vnv) 181 

Jiuyilo 182 

HiiyuJo 1 1 2,(».| I8;i 

IJolir. Mi'ls 27 
nnlir's lluMijy 27, 28, 2!) 

Jlollziiuiiin’s const nnl J)*! 

Uonil aii{^lcs lOn 

Hriclfilc i'oiupounds h'dl. I(i2» 2M) 

a’BniiiiocyclolipXHrifiiK* 27,? 

1 IJvojmM'jcloJuMiK' 21'» 
nninioqinuiini':) 207 
Liunscn inii 

1,4 Hnl^uicdlol 2Gi) 

/ff/ltulvl I3il, 221, 222 
/crMtulyl rhlondc 2 in. 211 
4-/fT/-Hulylrycliilu'\JUH»l 201 
2*/<*/ Mini vlpliciiol 280 

2,0 /a/1]uty1]ilicnr)l 280 


i jiiOaiiNi .u jil, I sh 1 ^ ii! {Ui 
C.iUbiMliiniidi s 170 
(Ijrboliyilnilrs 17) TO 
('aibon 08 

vibiiilirjii llliKlrs of iiiiilci uh* .00 

Car)ii)iut«s 101 
aiyclic 4(i.) 
alkyl 10.7 

clui'Aclrri^lii' licqucurirs lu 100 
lyclU’ 10.7 

Curboiiic ucid ninl dri i\,ihM\s lo2 7J 
Chtpis of 401 
h.ilidcs of 111 .) 
mil ill' ot 100 
fiarbniiiuni ions 221 
Carbonyl comixainds Ktl 87 
siibstUulcd 3()0 
Carboxyl f^roup 388 
CarboxylaU ion 380, KKi 
Carboxylic acids 388413 
anhydrides of 434 
aromatic 4Ul 
yCfl^r 1 requeue ics in 387 
esleu ut 420 


functiuiml derivatives of 416-02 
chai*actrristic frt'quendes 417 
halules of 417 
Siiliirated 300 

branched in ix-piiiiitlim 308 
substiUiU'd 4U7 

uiisatiiriUcd. \ritli double bonds 398 
with isolated double bonds 4iK) 

With Iriple bonds 403 
p unsatiiraLed 3^18 
CLtiboxymelliyl cellulosi' 477 
Carh> lunihie.'^ 471 
r4Uli'rlio1s 282 

Cellulose, anil ileii\alive.s 477 
ebauelei isl ie rmpiiiiriis iu 478 
(Mhilose an loll 177 
•^Cil bonds, ilLtoJlslt^ oJ 130 
Cluraclerishr ^loiip Inqiiennes 0^-103 
Chi'lali/utam. aii^ulai .378 
tihliuoiieehe .uids I 111 
n (Jiloioaecluphi iKMo s 371 
Chliooau'ld ehioiide> 120 
0 i.liliuu.inaliio' 

2 CliloKd iitane 2 iP 
r.liloiot iUi)nhO(t 1(4 
Cbliinu>clolL' \uiie V \ i 
1-Cliloroi \ rb'lu'\< nr 2 1’> 

^ Cllloiolii lues :;V2 
‘VCliloio 2-111 Ihvllniliim 2 10 
2 Clilonipr(;|»:me :!2'.l 
li Clilino^.dU’vlii M ij H'O 

LIiIdio 2,2, 1,1, triJOiiH ilL\1|M'iiliiue 210 
Cluniotivpsiii 10:t 
('’Oils Cmnniuie ;u id 3'i0 
Cohlen/. \N . 23 
lfOlhi{>rjL 188 
Ciniibiii.difoi bands 
Loiiloi mat foil, nnfi 128 
lis 128 
ero>Mi J 10 
ecljp.sed I2li 

tjuuih' 128 

sha<4;;rhd 120 
Alin 128 
trons 128 

Iraiiirrifizan 121, 128, 113, 131 
Cimforin.'ilional isnueis 121, 120, HO 
(4i>nliinne]s 121 
ConjuKative eflei Is !)0 
Coirespondmce puiieipie 
Coulomb field 27 
Couplinq of vibrutious 101-2 
Crj^slalline slate 100 7 
Cyanic acid i09 
Cyunoaiel ic ester 420 
CvUTiuiic acid ICO 
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C^rclanones 363> 366 
a-halogeimtcd 373 
Cyclic carbonates 465 
Cycloalkane iin{,'s 266 
Cycloalkanediols 271 
Cycloalkanes, confoiinalion nl 146 
straln-frpc 143 
\rilli strained rlu^s 152 
Cycloalkanols 255, 261 
Gycloalkencs 180, 260 
GyclobntadJene 97 
Cyrlobutane 155 

Cyclobulanc rings, romponniK with 157 
chA ,2-Cyrlobutam'dl('arboxylic arid 436 
Gyclobulannne 362 
conformations of 371 
Gyclodeeadlenc-1,2 10 i 
Cyclodrcane 151 
Gyclodecanol 163 
Cyclododocane 151 
Gyclododecanol 163 
GyclohcpUnoiio 363 

1 ,3-Cyclobrxarl inie 1 80 
Cyclohexane 147 
Gyclohexanediols 275 
Cyclohexanols, mnnosuhhUUil nl 203 
Gyclobexanunes 362 
a,^ unsaturatod 363 
Cyclononadieiie-l ,2 101 
Gyclononane 151 

ris, cis, rw-CvPlononairirno-1,4,7 I'M 
Gycl(MK‘tane 140 
Gyclooctanone 363 
1 ,3,5-Gyc1o()rtalrienps 1 00 
1 ,3,6>Gyrluoctatrii‘ni s 100 
Cyclopentad iem* 180 
Cyclopenlani* 146 
Cyclopentanol 263 
Gyclopentanone 362 
Cyclopropane 152 

CyclopropHiip rln^s, rompoLiuds with 154 
Gyclopropenune 363 
Cysteine 482 
Cystine 482 


de Broglie, Louis 20 
(Decadic) absorbance 108 
(Decadlr) ab^oipliun coelfieiont t08 
Deformation vibrutions. See ^ ibralirns 
Degenerate vibiuiirm. See A iliratinns 
Degrees of frecilom 71 

calculation of number of 81 
rotat'onal 7l 
translational 71 
Desoxy sugars 477 
Douteration 492 


Deuterium 102 
Deuteroacetic acid 390 
Dcuteroethylene 166 
Dextrane 476 
Dlacarboxylic acids 400 
DlacetoxyUorogliicinols 378 

1.4- DiaeetyM,3-butadjene 188 
Dialkylketones 348 
Dialkylthioketones 202 
Diarylsulfoxides 293 

Diatomic molecules* See MoJeuiles 
Diazonlknncs 327 
Dlaroalkenes 327 
Diazoharbiturlc acid 329 
Dlnzocompounds 326 

frequency variation of Ng group 331 
Dluzocyclopeiiladicne 328 
Dlazoillmethyldihydroresorclnol 329 
Diazoesters 328, 329 
Diozoketoucs 328 
DiaruincliLane 327 
Diazonapliliiols 330 
Diozonlum salts 326 
Diazopheniils 330 
Diazopyruvir ester 330 
Diuzosiilfanilie acid 327 
Din/olutronlc acid 329 
Diazouiacyl 329 

c/ida-2,3,n,7-r)ibenzi*bicyelo |3 2.1] 
orln-2,5 dioueol-4 251 
ris 1,P-Diliioinf)r\f1ol)Ulaiip 214 
frnru-l,2-l)iljromucyrJobiiian( 2 1 i 

2.2- 1^ ibromocy t J obiit niiones 376 

1.2- l>ihiODinethflne 236 
Diearbunyl conqmunds 370 
Dicarboxyl ir aiid 403 

characteristic Irequenries ol dinurir 
carboxyl in 395 
esteis of 425 
sutiirated 394 

1.2- DirQrboxy)ir acid 436 

fra/w-7,B Dieliloiobicyclo 1 1.2.0] ocladi- 
eni-2*4 19U, 2t4 
1 ,4 Diehlorobutadleiu 216 
1,2 Diclilorobutmic 244 
cis 3,4-Dlchloxocyrlo1)Uleiie 21i 
l.G-Dlchlorocyeloocl.iiriene 1 ,3,5 190 
Dichloroetliane 2.36 

2.3- Dithlr>roquinone 3(>T 

2.5- Dii‘hloroqiiinono 367 
Dicbroism 487, 491, 492 
Dicyanod icarbethoxyethylene 455 
l,2-l)ieyano-l ,2>dieaibethoxyethyleue 426 
Dienes 185, 186 

cyclic 189 

N,N-Dicthyiacctamlde 448 
Differential spectroscopy 113 



*1tf.DlhaIocyc]ohexanes 244, 24|S 
t9-DUialocthane8 236 
Diketones 379 
^^DlkPtoiUB 339, 333 
Diin^thylamliir) ftroup 323 
2, S-DimolhyllmlRriienf 160 
(ran5-2,3‘'D]mcthylLi]todfe]io 186 

2.2- T)hnetliy1-3-ch1c>FoLutano 240 
DimetliyldibydrorcAorrlni'l 362 
Dinirthylestm 426 
Dlnitrlhs 453, 455 

Dlnitro derlvatlvcB 305 
2,4«l))nltroanll]no 310 
2,4.Dlnflro-N, N-dlmeih^lanlliiie 310 
Diols, acyclic 265 
conformations of 270 
cyclic 271 
OH groups in 277 
Dioxanol 265 
Dioximcs 334 

characteristic freqiu^ncios in 335 

1 .2- r)iphen3’1-3,1-dlhyi]ioxycyc]ohuteitc 253 
Dip ole -dip ole inleraction 00 

Dipole moment 21, 30, 38, 41, 56, 57, 58 
symmetry’ of 01-04 
Disaccliaridrs 476 
Dlthlolanes 206 
Double bonds 185 
Doubly degenerate slates 52 


ISDTA 183 

Eigenfunelion 30, 31, 03 
Eigen\a1urs 30, 35, i(», 03 
Klaidle ncid 402 
Electric efferls 90 
Kleetroniagnellc spectrum 23 
Electron cloud 30 
Electronic effects 99 
Electronic energy 32 
Electronic spectra 32 
Electronic liaiisilions 32 
Electrons, angular momentum of 51 
optical 28 

a-Eleostearic (9 r/5-ll-//'a/u-13 truns octa- 
deratrinioir) acLil 403 
Enentiomers 482 
Energy 28 
absorbcrl 21 
elcclronie .32 
eX]>rcssir>n foi 23 
iiitiTHction 31 
of ladialions 21 
rotation 32, 34, 66 
viliratlon 32 
Enejgy Icyel diaaiani 0.3 
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Energy levels, anharmonic oscillator 48 
harmonic oscillator 40 
nonrlgid rotator 36 
polyatomic molecules 04-97 
simple rigid rotator 35 
vibrating rotator 46 
Energy value 28, 20 
Envelope 32 
Expoxldes 283 
substituted 284 
Ecpialorlal bonds 148 
Equivalent nuclei 81 
Eslcr-nltrilcs 454 
Esters, acetylenic 425 
tt-halogenaled acids 427 
of aromatic acids 424 
of aromatic acids with saturated alco- 
hols 42.3 

of carbarn ic acid 467 
of carbonic acid 461 
of carboxylic acids 420 
of dicarboxyiic acids 425 
of hydroxvacfds 420 
of isocyanlc arid 470 
of nitric acid 337 
of nftmiis acid 337 
of saturated acids with phenols 422 
of saturated acids with un^aturated 
alcohols 422 

of saturated aliphatic arids 421 
of saturated momicarboxyllc arids 421 
of imsaturated aelrls with pouble hniuls 

424 

of unsatnraled arld^ with triple bonds 

425 

Ethane 124 
Ethers 282 
cyclic 283 

saturated aliphatic 282 
unsaturated and aromatic 262 
Kthylacctates, a halogenated 427 
1\lhyl benzoate 123 
Ethyl bromide 211 
Ethyl chloride 238 
Hlhyleuediuminoatctraacetic acid 48.3 
Ethylenes 11)6 

asymmetrically dlsubslituted 176 
inonosubslituted 174 
substituted 168 

symmelrieally disubstlluted 17,3. 178 
tcirasubstiluled 180 
Irisubstltuted 170 
Ethyl esters 420 
Extinct Ion 108 
Extinction coefficient 108 
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Fermi nuananco 97-98, 202, 105, 422 
Feslingf 25 
Ftold effect 99 
Fine slructure band 22 
Fine elructure envelope 102 
Fluorides 225 
Fluorine 418 
Fluoroucetic acidb 408 
n-Fold degeneracy 80 
Force constant 80, 40, 75, IDO, 102 
Formaldehyde 812, 31,8 
Fornialdoxime 331 
Foriiiio acid 300 
Fourier series 13 
Frequency 21-22, 110 
rotalioiial 24, 38 
riitationnl Irausilimi 07 
vLhrutional 21, 37, 30, 40, JO 
calciilulion ni 72-75 
Fn'qiiency rule 28 
Freqiieiu'y shills 00, 100, 111) 

Fulveiies 101 
FuinoroniLrile 455 
Fundamental 12, 13 
Fuwn 497 
]<'uran(»se ring 477 
Furfuralaziue 325 
a I'^uiyladehydrs 310 

D-Galaclopyianiksi 170, 177 
y-GloOulm 403 
U-Oliicopyrannse 17 1 

charaelerisllc Trequencies in 175 
(flutamalcs 187, 400, 401, 102 
(ihilamic acid 401, 405 
(iliiluric anhydiidc i3ii 
(ilyciue 182 
Glycols 200 
Glypyl-glyciU'* 481 
filyoxal 370 
GJyuxiinos 33 1 
Group 01. li.'i 

of synmu'tiy upriritions 01 02 
tiruiip Ircqucncy 08, 100, 101, 102, l.>2 
Group lliooiy 77 


Jlalides 206, 20K 
carbonic acid 403 
carboxylic acid 417 
umaturated 245 
Haloalkanes 231 
Tlalocyclaalkaiies 213 
Halogen atoms 210 


HaUigeu compounds 234-18 

di- and polyhalogenated compounds 
^vllh several lialogcii atoms attached 
to same carbon aloni 210-17 
haloalkanes 231 
liaJocycloalkancs 213 
uusaturated halides 215 
Jlalngenatcd adds 407 
a llalogciialed acids, esters of 127 

ix- Halogcnatcd cyrlanonis 373 
(X’TlalogeiioacetIc acids 407 
tt-llalogeiioaldehydes 309 
Halogeiiobcnzoic ucids J08 

cr llalogcnocyclobutaiiniies 371 
a-llalogcnocyclohexanone 373 
a-Hnlngenocyclopeiilaiione 37 1 
a Halogenuk clones 370 

x- Kuloiiilroalkaues 305 
llalophenols 281 

Hainmclt-o cuuslmU 3G0, 407, 423, 451, 157 
Harmonic motion, linear 69 
UCN molecule UHl 
Ilcncirosoiioic acid 398 
licrsthcl, Frederic AVilhani 21 
Herschcl's experiment 21 
flclCTocyclic compounds, anmiiihc 197-513 
Hexane 161 

lleXRiioic acid amide 412 
1,3,5 HcXrtlriene 188 
Histidine 482 
Hooke's law 99, 101 
Hybrid bauds 104, 105 
Hydrocarbon radiraJ 395 
Jfidrocarbons 119-233 
ubsorpMon bands 119 
uipmnlic 200-21 
mouocyclir 21 lO 
polyryriir 218 
G C frequeneiis 120 
C- H frrqucncii's 120 
C- H slrctihing vibrutnms 129 
foiee CdiisUinl 120 
organic radons 221 20 
s.iliiialed 120-06 
C - C bonds 121 
G -C. linkage vibral ions 12,3 
G-H bonds 121 
G - 11 linkage vilnalioiis 122 
general nsprrls 120 24 
iiitei])retHlion of spectia 122 
sulurulrd ucyclic 124-42 
sulurahd cyclic 142-60 
iinsaturaled 100 200 

with multiple double bonds 185 
with triple bonds 194 
with cumulalid double bonds 193 
HydftK-hlorldes of amino acids 4BO, 48J 
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wMragai bonding 100, 100, 302, 4 to, 
^ 44 «, 457 , 480 
lielvocn alcohol molerulri 250 
between Oil grouii and otlipr fuiiptioiiol 
groups 252 
ill amiiurfi 318 
iutei'nioleciilar 205, 277, 270 
hnramolecular 205, 320, 378 
Hydrogen bridges 390 
Hydrogen chloride 37, 38, 12, 15, 19, 52. 
53, 56, 108 

Hydrogen cyanide 452 
Hydroperoxides 287 
Hydroxy acids HO, 411 
esters of 429 

Hydroxy compounds 218-9U 

di'* and polyhydroxillc alcohols 261 
lunitional derivatives of alcohols 282 
mono- and polyhydroxyl ic phenols 278 
iiionohydroxy dei Ival ivc s 250 
Hydroxyaldehydeb 370 
Hydroxyainino acids 482 
5-Hydroxy-l ,3-6 inxan 28b 
a-HydroxyethyllriTOccae 254 
Hydroxyke tones 370 

Hydroxylaniiiie, organic deiivatives of 3U 
Hydrrixyc|ii inones 368, 378 
a-Ilydroxynaphlhaldehyde 377 
P-Hydroxynaphlhaldehydc 377 
Mydroxyti it riles 

Identity bl 
Imtdes, cyclic 451 
Impurities, del erm nut ion of 118 
Tnduced-absfvrplion 38 
Induced momenluni 38 
Inductive pflecls 9!) 

Infrared ludmlioiis, deteciiou of 23 
disroveiy of 21 

Iiifraied legioii, lower and uppei 1 units 23 
Infrared specha lin 
colleeiions ol 118 
of dlatomir nioleciilcb 33-50 
of polyaloniic molecules 56-117 
presentation of 110— 112 
property of J18 
lotaLion 37 
use of 118 

Inljarcd spcelromelers 25 
Infrared sppi'lrubcopy 75 
development of 25 
Jiibulin 4D4 

Integrated inleusUy 113 
Intensity distribution m rolution-viLia- 
tlon bands 52-53 
Interaction energy 31 


tiitemal tratism it lance 107 
Inversion 61 
Isoalkanci 138 

with f^butyi groups 139 
with internal quaturuary carbon atoms 
IH 

with inieiuul leiliaiy carbon Dlums 
U2 

wilh isopropyl groups 1 i(» 
fsiicyanates 470 
hncyanlc acid 109 
esleix of 470 
honilrilcs 171 
Isopaiairiiib 138 
Iboprojvyl groups 1 10 
Tbolhiuryjiiatcs 471 
Isothiocyaiiic acid dciJ\uti\es 470 
Isotope ellecL 51-06 

Isotope exchange, amide hydiogeii resis- 
img 193 

Julius 25 


a Keialm 192 

{i ICeratJii, parallel folded lasers m 489 

l^-Keratlne 488 

Kelals 287 

a-Keto acids HI 

Y‘Krtu acids 412 

Keto-ciioiic lautoniiTihiii 381 

P-Keloesters 384 

Ketones 348 

alipliatic ot, P-unsaturalcd 352 
aiomatlc 357 
ary'lalkyl 357 

bi- and polycyclic l>iidged 304 
esclic a. p-iinsaturaUd 352 
dmlkyl 361 
diaryi 357 
a halogenateil 370 
x-halogenaled cyclic 373 
hydroxy- 376 
monocyclic saturaled 36 J 
lihcnylcycloalkyl 360 
saturated aliphatic 318 
saturated alkyl 310 
slerfcally hindered 354 
unconjugaled aromatic 349 
unsat uraled 351 

with Isolated double boiidb 351 
K, p-uusal uraled, 351, 3G3, 360 
KlIok lines 333 


Lactams 4 16 

four-menibered ring 450 

with 5,6 and 7-ittemben*d ilngs 4,50 
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taotones 431 
«-LaeU>neB 434 
^-f.actones 431 
Y-LactoaeB 432 
Lamhert-Bepr law 109 
Lambprt-Bougupr law 107 , 100 
Large rings 151 
Lattice vibrations 107 
Laurintc acid 398 
Light quantum 28 
Linoleic acid 401 
Ltnolenlc arid 401 

Liqiiidfi, molecular vlbrahons In 10G-7 
Llssajous motion 69 
Lysine 460, 405 


Magnetic quantum uumbri 27 
Maleic anhydride 436 
Maleodinitlilr 455 
Malonlc arid 394 
D-Mannopyranosr 476, 177 
Mass effocl 54 
MaxwclUBoHpmanii rule 53 
Mechanical rfferth 00 
Mechanical models 08, 70 
Melamines 469 
Mcrcaptans 201 
Methane 104, 121, 124 

polychlorinated derivatives of 236 
Methinc group 120, 122 
Mcthoxyqulnones 368 
Methyl group 120, 123, 132 
deformation vibrations 131 
stretching vibrations 120 
N-Methylaretamidc 415. 447, 448 
l,3-^fs-Mcthy]amino-4,6 dliilticibrn/ine 310 
N'MethyllieiiVanilidc 110 
Methyl benzoate 423, 429 
Methyl chloride 104, 234, 235 
Methylene group 120, 122, 143 
dcroinialion viliralions 131 
out of plane twisting and wagging vibra- 
tions 136 

plane rocking vlbiation 134 
scissoring vUiration 134, 141, 158 
stretching vlbiation 130, 113, 158, 159 
Methyl esters 426, 420, 431 
Methylethylhetone 350 
Meihyl formate 430 
Mrthylhexanoic acid 308 
5-e/]do-Mcth5i-2-norbornfne-5-rjo oI 253 
Methyloctanoic acid 308 
4>*MethyL3-pontenone-2. 223 
MelbylquinoiiPB 368 
Methyl rocking 123 
N-Metbylurethane 467, 468 


Molar absorption eoefficlent 109, llO, 112 
Molar absorptivity 109 
Molar extln^ion coefficient 108 
additivity of 118 

Molar Napierian absorption ooclficient 109 
Molecular spectra Sl^SS 
Molecular structure, problems of 110 
Molecular symmetry 50-66 
Molecular vibrations, in liquids 106-7 
in solids 106-7 

Molecules, diatomic, infrared spectra of 
33-56 

polyatomic 94-07, 103-5 
potential energy of 42 
rotation of 33-30 
vibration of 39-46 
vibration-rotation motion of 46-52 
heteroatomic 38 
homopolar 38 

linear polyatomic, totatioiial spectrum 
of 67 

polyatomic, infrared spectra of 50-117 
rotation of 66-68 
vibration of 68-103 
Moment of inertia 31, 34, 36, 10. 66 
Monocarboxylic ac.ds 393 
Mouochlornacclamlde 144 
Monochi oroacetone 371 
Monohetcroatomic f ivc-membered ring com- 
pounds 497 

Monoheteioalomic six mcin])eri d ring com- 
pounds 197 

Monohydroxy deiivntlvcs 2.50 

Napiciian altsoibance 108 
Napierian absorption coeffidcnl 108 
Napbtbalene 218, 219, 423 
Naphthalene ring 377 
Naphthalenccarboxylic acids 406 
1,1-Naphthoqulnone 368 
Ncn isomenthol 25h 
Neomcntbol 256 
Niiratis 337 

Nitric acid, esteis of 337 
Nltriks 451 

aliphaiic 4.53, 4.57 
aromatic 456 
ester 454 

of carbonic acid 46!) 
saturated 453 
iinsatiirated 454 
vibration frequencies 452 
Nitrites 337 
NitroAlkenes 306, 307 
Nttroamines 324 
Nitrobenzenp 308, 311 
substituted 309 
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NJimMpoiliiill 302, 308 
, , ^.AMEUdle 807 
latorttpd 304 
«i9<«KltrooompoundB 306 
NlirocgfcloaUcat&ps 304 
Mitjroeatm 305 

NltrogPtt, organic compounds 302-4 1 
NhromcUiane 303 
KHrosoalkanpji 312 
Nitroaoamliies 324 
Nltroso compounds 302, 3tt 
aromatic 313 

NO frequencies in dimers of 313 
Nitrous acid, cstcis of 337 
Nomenclatuie 107 
cndC-2*Noilioinenol'6 253 
Normal coordinates (iO, 75 
Normal vibrations 69, 70 
symmetry,* of 75-77 
Nortricyclciie 161 
Nucleus 27 

vibrations of 70 
Nylon-SO, extended chains IBO 


Oblate top 104 

froiia-2-0^aderQnolc acid 400 
Octaniethyltrlryrlo [4.2.0 0.*'*1 ocladt- 
ene Ifi'i 

n-Octanoyl chloride 418 
1,3,5,7-Oclatctraene 138 
Ocintiune djaldhiydc 3J7 
Olcir acid 401 
Optic.n1 density 106 
Optica] election 28 
Optical homirs 482 
Oscillator, anhatmonic 41-46 

energy levels and sp<ctiiim of 13 
harmonic 39-41 

energy levels and spertium of 40 
parabolic function of 42 
linear hamionte CO 
roiatinr 46 
Overtones 12, 43, 97 
Oxalic acid, aulivliotis 301 
Oximes 33.3 
quiiione 336 
Oxocailionmm ions 22 i 
Ovyzolidone 467 


Pararids 436 
Parallel bands 104 
Parallel vibrations 104 
Pauli’s exclusion pilnciple 27 
1,3-Pentadiene 188 
Pentane 161 
fraru-3-Pentenone-2 3.53 


Peptides 438 

oharaeteristlc frequencies 468 
Peraeids 437 
Pcrbensolc acid 439 
Pei cent absoiptanee 107, 110 
Per cent absorption 112 
Per cent transmission 112 
Per rent tiansnilttanec 107, 110 
Perdeut erontti obenzene 311 
Pordeuterotcit -butyl-hexnfluoroaut m i iia 
tes 222 

Pereslers 437, 438 
Peroxides 287, 437 
Perpendicular bands 104 
Phase constant 72 
Phenanthrene 218, 219, 423 
rhenetbsi bromide 243 
Phenols *201, 422, 424, 467, 458 
mono- and polyhydroxylic 278 
bubstJtutid 282 
Phcnylaccty] chloride 418 
Phenylalanine 482 
PhenyJalkyl dcilvaiives 325 
N-PhenylhenzamJde 440 
l-Phenyl-3-biomop)0pane 243 
Phenyl isocyanate 470 
Phenyl pyruvic acid 411 
Photonu'trlr definitions 107 
Photon 28 

Phtalic onhydilde 436 
o-Phihalaldehydlc acid 412 
PhtliQlides 413, 483 
Plitbalonie acid 413 
Ph^tosteroK 154 
PInaeol 277 

Flumk-Einstein relation 23 
PIiukL's coiistniit 23 
Point gumps 50, GS-eb, 78 
axial 65 
ml) 1C 06 
eyelir 63 
dihidial 63 
urtahed'iil 66 
nf organ II nioleeuks 63 
lei lain dial 65 
with ceiitei of b 5 ’inmp 1 ry 06 
PolyaUmfe moIeniJos, ciuigy Uvcls of 
91-97 

rotalii)n<vil)iatinn spectia of 103-5 
vibTaticiiial spectra of 94-97 
Folyeyclie coiiipoumls 150 
bridged 162 
Polyents 180 
cyclic 189 
Polyethylene 136 
Poly glycine 484 

antiparallel layeis in 489 
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Pulynilro compounds, substituted 310 
PolypeplIdeB 485, 480, 487 

cluir«ctcrlstlc frequencies of 480, 487 
deuteral ion 492 

diehroism of rharurlenslic bonds 187 
extended foims 189 
folded eoiifonnalirm of 185 
frequencies in 488 

frequencies in extended coiifoiiiuitioiis 
400 

belicoidul loiuis 190 
parullei uiid aiil quia 11 el lolded clianiK 
4bll 

nindom forms 101 
rolysacebarides 17n 
Polystyrene 111—12 
Polyenest maciocycln 100 
Potential cneij^y 30, 41, 4li 
of dliitoiuic molecules 12 
Principal quantum iiuinbcr 27 
Prolate syinnictrie top 101 1,3 Piopane'* 
illols 68 

Propionic acid 30i, 303 
Pioplimyl clilonile 226 
Proportioiuilily ronslant 108 
Proteins 483, 487 

elianict eristic fiequi in i(‘s \bo 
dcuteratioii 402 

dlchroism of chaiaelciislie bands 187 
extended lornis 480 

frequencies in cvteiidcd coni oinmt urns 
490 

Uellcoidal loiins lOU 
random lornis 101 
Purity control 118 
Pyranose iJn^* 475 
Pyridine 407, 400, r»(jn 
Pyridiiiium cation TdiO 
Pyrillum 400 
Pyrilium ratma 407, riUli 
l^'rrole 497 
Pjruvic aldclivdi ;JM) 

Uuantilalne analysis 118 
Quantum coudlliuns 27 
Qiianlum jump 28, 35 
Quantum numbers 27, 31 . 30, 4 1, 17, 67, 05 
Quantum theory 25 
elements of 27-33 
Quinoline 500 
Qulnonedlazldes 330 
Qninone oximes 330 
Quinones 366 

Radiant iiiltiiisit\ 107 
apparent 111 


Radutirm, absorption of 28 
and matter 30 
Radio waves 23 
Raman spectroscopy 21, 75 
Hollerlloii spectra 110 
Representative member of md 81 
Resonance, absorpLum b> 24 
Resomuice coiidltlou 70 
Uesumiucc e fleet 180 
Restoring force 72-74 
Hibonuclease 493 
Hibimurleuse-U.O 401 
Ring compouiuis, nioiiuhcteioaloiiuc fne- 
membered 497 

lOimoUeienkaluiiiic six-inembercd 107 
Ring sulistllutioii 497 
Ring vibrations. Ser VJbiidioiis 
RotamiMb 121, 126 

Holulinn ol dlatomn molecules 33-30 
ol polyalomir molecules 66 68 
Holution eiieig>32, 66 
Ro1aliou-\ ibjalion bainis 18. 10 i 
mteiisily disiribiiiioti m ,V2 ,53 
Itotuliou-vibiatioii spertia ,32 
of poiydliunic inoleuiUs 103 5 
Rolalional rmisUml 35, 37. Jn. Ih 
UoiaiJoiml quuiitum niimljer .'15, 101 
Rol.ilumal lei 111 35 

in gi\en > ibral loiial slaU 16 
lbit.it 1 ) 1 , iiunrigiil 36 

energy levels .ind speetium Mi 
1 mid 33, 67 
Simple I igicl 3 1 

eiieigs levUs .nid spetlium 
Mill at lug 16 

eiie[g\ It \ els uiid s]H'i(iuiii 16 
Lei 111 ol 17 

Rule of niiiliiHl eMMiisioii '<7 
R\dl>erg (ouethon 20 


buiiluudes 175 
,Sii1ic>]ic acid 110, 120 
Schrndlngcr uquiitioii 20 3o, 35. 40, 03, 01 
Scissoring vibrations. .Sec ^il»luL^u 1 ls 
Secular equation 71, 75. 07 
Sell cl Ion lilies 28, 31, 35, 37. 11, 11. 17, 
50, 07, 107 
4R0, 182, 192 

Set* represent alive meiubei ol 81 

Skeletal vlbiations 103 

Sodium benzoate 407 

Solids, molecular vibralioiis lu 100-7 

Species of vibration 78 

Specific absorbance 11)1) 



SprcUic afasorpHon 100 
Spectra JIO 
absorption 21 
anbarmonlc oRcillator 43 
atomic 27*29 
electromagnetic 23 
electronic 32 
hamumic oscillator 10 
molccnlar 31*33 
nonrigid rotator 36 
reflection 110 
rotation-vibration 32 

of polyatomic molecules 103 0 
roUtiunai, of linear polyatninir inolp* 
rules 07 

simple ilgid ri»lnln] 33 
nlLravioM ulisoqitinn 110 
vlbraling rolaloi 40 
vihrationnl, (»r polyatomic innleculrs 
IM 07 

vislMe no 
visible emission 110 
see a/so infrared spoclia 
Sprctral line inlcusil> 31 
Spectial I i nns 28 
Spreirometds, infrared 23 
Spun leal lop OR 
nrcldciitaJ 08 
Spin qiiniiUim iiunibii 27 
Stationary slates 27 
SI Pill ic arid :PII, 304, 3<i7 
SI 1*1 if cl feet R 99 
St no id esters 422 
Stret riling- doforniat inn 103 
Sdetchiiig viJinitioii. .S'ee Viinaiioiis 
Slroliosenpic rilnl 72 
Su belie acid 39 1 
Succmic unhyiJiiile 430 
Sngnis. dcsoxy 477 

^\llh iiiranose rings 477 
^itJi p^rniiosc ring 473 
Su If mate ion 29.') 

Sulfinic aeids and deiivaliirs 293 
Sulfln^l chlorides 290 
Sulfiles, alkyl 295 
Sulfonic acids, and driisalKes 29S 
mid sails 209 
SuUiiUc esters 293 
Sulfites 295 
c>cJic 200 
Sulfonamides 29R 
Sulfones 206 
Sulfonic esters 298 
Sulfoxides 291, 293 
Sulfur, organic compoinuls 290*302 
Sulfurous neid duri\atives 29.5 


Symmetric stretching 57, 58 
Symmetric top 40*52, 67*08, 104 
accidental 08 
oblate 67, 68 
prolate 67, 68 
larm of 51 

Symmetric vibrnl Ion. Vibrations 
S>Tnmelry, axis of 39 
center of 6D*6t 
molecular 59-66 
of dipulc momeiitb 91-9 1 
of normal vibrations 7.>-77 
plane of 50. 60, 77 
Symmetry elemenls 59 63 
Symmetiy' operations 59 63 
class of 80 
group ol 61-62 
number of 63, 8(1 
Symmetry properl ics 75 
nf vibrational stales 91 -9 1 
Symmetry Rpeeles of nninial vibi a1 Ion modes 
‘ 77 80 ^ 

Tall irducLuc const anl 457 
Term value 28 
Telraencs 187 

l,l,2,2rTelralial0L‘thanes 230 
Tctiahydro oxa/inone 46R 
Tetrohydro oxyzinnne 467 
TilTahydropyrniic 471 ^ 
leliabydropyronols 285 
2,3,5,6-TetmmplhyIncetoplu noni 99 
lelraphenylallenc 191 
Theinial radiations, use ofleim 21 
TJiioaecl amide 2'^3 
Ihloacids 291 
lliioalroUols 2*M 
liiioaniides 202, 293 
'riiiobcn/ophonone 293 
Thloc>'anates 171 
TJiloc\aiiir acid deiisatiMs 170 
Ihloelheis 292 
'riiiolvclones 292 
Ihioue-lhiol taiitonui ism 293 
Thion^l chloride 29ii 
'Jliloiiyl XJiioiiile 29(» 
llilophene 497 
'l]uo])liejmls 291 
Tiansltioii momenls 31 
Iransitions, allovtcl 28, 31, .35, 4 I 
eleclronie 32. 33 
forbidden 28, 31, 35. 44 
rolalional 33 
frequency of 67 
vibrallonul 33 
^'lunsmisslon mitilma J12 
Tiansniill.ince 107 



Treonle tcid 438 
TrlcliJoroB<ietamlde 444 
'Trichiorocyelopropenyl catioii 223 
Ttfcyclo [5.2.1. O*’*] decBdifnt-3j8 (dicy- 
clopenUdictu*) 183 

Tricyclo [4,2.2.0*‘*J decatriene-3,7,9 184 
Tricyclo [4.2.0.0**^] octadiene-3,7 184 
TVlcycJopropyl carbonium Jon 223 
lYienes 187 

Triflouroacptlc anhydride 437 
Trifluoroarelyi halides 418 
2,4,6*Trinltro-N-melhylanllJne 310 
TrlphenylineLhane skeleton, compounds 
with 220 

Tripheitylmelhylazlde 332 
Triterpenc alcohols 257 
True half band width 113 
Tryptophane 482 

Oitraviolet absoiption speclrum 110 
Ultraviolet spectra 110 
Units 107, no, 113, 114 
Urea and derivatives 4(8 
chaiacteristic frequencies in 
Urethanes 467 

Valence 24 

Valence vibration 100 
Vibration energy 32 
Vibration modes 56-59 

determination of normal 81 01 
doubly degriierale 72 
normal 08 

symmetry species of 77 80 
of molecule X IVIVl) 79 
Vibration-rotation motion of diatomic mo- 
lecules 46-52 
Vibrational coupling <0 
Vlbiational frequency 39, 40 
calculation of 72-7.5 
Vibrational quantum numbu 40, lul 
Vibrational spectra of polyatoma mole- 
cules 94-97 

\ibrationHl slates, symmdiv properties of 
91-94 

\ibrBtlona1 term 41 
Vibrationless state 41 
Vibiations, antisymmetiic 77, 03 
asymmetiic 57, 101 
vG»C 35o, 400, 401 
C-H 122, 247, 344, 350, 3C4, 401 
C-N 311 
vC— N 333 

vC-O 314, 318, 3.)1, 364, 377, 4:0, 4bb 
vC.>0 3bb, ill 
vG-011 ‘^61 
coopllng of lUl-2 


Vlbntloni defonnMlon 90, 100, 103, 
104, laa, 131, 130, 158 
G-H 300, 300, 400, 402 
CH <nit*of-piWB 173, a03 
-*C>H 173, 183 
SG-H 190 
CH,18a 
N-H saa 
0-H 264 

degenorate 70, 73, 77, 79-80 
doubly degenerate 58, 72, 83 
Inlrared ectWe 24 
Inlrared Inactive 24 
Interaction ol 97 
lattice 107 
molecular 106—7 
vN-?l 449 
N~0 834 

nondegennatr 76, 77 
normal 6D, 70 

eymmrtiy oi 75-77 
of CH, groupi 46G 
of GOO- group 461 
of COOH group 461 
of diainmte molrriiliii 30 4li 
of NH, group 482 

4 

nl NHji gmup 480 

of nuclti 70 

of OH gioup 482 

of polyatomic molccuks (>8-103 

of R group 482 

out of-plane wagging 137 

pnrRllel 1U4 

ring 145, 159, 216 

xiug-lieathlng 159 

locking 134 

scissoring 122, 134, 141, 158 
specuB oi 78 

slrelching 90, 100, 101, 102, 10.3, 104, 
122, 120, 143,154. 158, 159 
G-C 20(1 

(e*G 168, 161, 186 
vC«C 345, 347 
CHC 196 
G-Cl 464 

(MI 129, 170, 200, 203, 283, 350, 396 

- C-H 182, 187 

^G-H 199 

vCH 401 

Gilt 182 

G-Hal 237 

C-N 323 

C«-N 453 

GO 421 

C«0 404 

vGO 345 
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VIbnitlimi (cotA.) 
itMtChillg (oOBt.) 
vC-Q 393, 398, 445 
vC».0 340, 406 
C-^OH 357 
N, 981 

N~H $13, 440, 444, 408 
<am 441 
N«0 312 
OH 249, 250 
yOH 393. 990 
symmetric 70, TJt lOl 
valence 100 
Vinyl acetate 422 
Vinyl esters 422 


Visible emlukm ipeetrtim 110 
Visible spectra llD 

Water molecule 79 
Wave function 30 

Wave number 22, 30, 29, 90, 41, 110, 111, 
112 

Wave number Olqilaoement 111 
Wave mechanics 25, 29 
Wavelength 21-22, 110 
and momentum 29 
measurements 23 

Zero line of band ongm 48 
Zero point energy 41 
ZwittrrJons 479, 481 







